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Preface 


This puUication provides reports co devdojaneats in Eaidi-baaed radio tedmologr 
with appiicatioas to severd programs. In space conanunicatiom it reports on activities 
(d' the Deep Space Networii. In geodynamics it reports on tte applfeation of radio 
interferometry at microvrave fitequendes for gso^n^c measurements. In the fidd of 
astrophysics the Deep Space Stations individuany and in pairs as an interferometer have 
been applied to direct observation of celmtid radio sources. 

succeeding issue of this report will present material in smne, but not neosssardy 
aD, of the followmg categories: 

Radio Astronomy 

Radio Interferometry at Microwave Frequencies 

Goedetic Techniques Development 
Spacecraft Navigation 

Orbiting Very Long Baseline Interferometry 

Deep Space Network 

Description 
Program Planning 
Advanced Systems 

Network and Facility Engineering and Implementation 
Dilations 

Spacecraft Radio Science 
Planetary Radar 

In each issue, there will be a report on the current configuration of one of the seven 
DSN systems (Tracking, Telemetry, Command, Monitor and Control. Test Support, 
Radio Science, and Very Long Baseline Interferometry). 

The work described in this report series is either performed or managed by the Tele- 
communications and Data Acquisition organization of JPL. 
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Monitor and Control Equipment for the MV-3 Mobile 
Very Long Baseline Interferometry Station 

R. W. Sniffin 

Telecommunications Systems Section 


A monitor and control system for the MV-S mobile very long baseline interferometry 
station has been designed around a commercially available process controller. The signi- 
ficant features of the hardmre design and the method by which this equipment will be 
operated by the M ^'^-3 central computer are discussed. 


I. introduction 

One of the goals of the MV-3 project (also known as the 
ORION project) was to utilize existing technology to the 
greatest extent possible and thereby reduce the amount of 
engineering required at JPL. An area in which it seemed 
probable that this goal could be achieved was that of monitor 
and control where reomt advances in the field of industrial 
proces't control had provided an abundance of equipment and 
system; from which to make a selection. By pursuing this 
approa:h, JPL engincejing was limited to performing the 
high-level system design, selecting the process control equip- 
ment. designing the interface to other subsystems and writing 
the software to operate the process control equipment from 
the MV-3 central computer. 

II. MV-3 Monitor and Control System Design 

There are four principal monitor and control functioi. 
at the MV-3 system level. These are execution of an end- 
to-end performance test, automation of frequently recurring 
activities, detection of failures which are not immediately 
observed by the end-to-end test and analysis of monitor 


data for malfunction isolation. The first function was dele- 
gated to th ' digital tone extractor of the Phase Calibration 
Subsystem. The remaining three were delegated to the Moni- 
tor and Control Subsystem to be accomplished either within 
the subsystem or through orchestration of other subsystems 
connected to the MV-3 central computer. 

Much of the equipment selected for use in the MV-3 
station had the capability for automatic control and moni- 
toring via an RS-232C serial interface. This included the 
.^.tenna servo equipment^ the water vapor radiometer, the 
Mark III Data System and the hydrogen maser The remain- 
ing equipment was either of new design or was not available 
with built-in monitor and control capability. 

The original concept was to provide each major item of 
equipment in this second category with a small data acqui- 
sition system to perform the monitor and control functions. 
These would provide a standard interface to the MV-3 central 
computer a Hewlett Packard 1000 System, Model 40, which 
is supplied with the Mark III Data System. The disadvantage 
of this approach was that a considerable amount of redundant 
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engineering would have been needed to design suitable mech* 
anical, electrical and environmental provisions in each subsys- 
tem for the data acquisition equipment. The concept was 
therefore rejected in favor of a single microprocessor-based 
process controller on each transporter. Figure 1 illustrates the 
MV-3 monitor and control system, as implemented, showing 
the monitor and control interfaces as well as the end-to-end 
self test signal flow. 

III. Selecting the Process Control Equipment 

Selection of the process controllers began with a vendor 
survey to determine what capabilities were available in com- 
mercial equipment. The results were used to create a list of 
capabilities ranked by the number of vendors who could 
supply them. Discussions were then conducted with subsystem 
engineers to determine the minimum subset of capabilities 
which could fulfill all MV-3 monitor and control requirements. 
This subset, listed in Table 1 , was incorporated into a specif!- 
c^iion for an Analog Monitor and Control Assembly^" and 
submitted for competitive procurement. 

IV. Analog Monitor and Control Assemblies 

The selected analog monito*^ and control assemblies aio 
manufactured b> Analog Devices of Norwood, MA. under 
the trade name of MACSYM 20. One of their mtended uses 
is to serve as the interface between a host computer uiid up 
to 256 assorted analog or digital monitor or cun»rd poiri^^^ 
In the MV-3 application, approximately 50-peicent of rieis 
capacity is used. 

As shown in the block diagram (Fig. 2), the unalog moni 
tor and control assemblies are designed around an 8-bit, Z80 
microprocessor with 16K bytes of rai.dom-acccss read-write 
memory (RAM) and 16K bytes of read-only memory (ROM). 

The microprocessor communicates with the host computer 
via an RS-232C serial interface and is inurfaced lo its signal 
conditioning cards via an analog/digital input/output (ADIO) 
controller. This controller contains all timing and control 
logic for addressing the i.rdividual signal conditioning cards 
and a 12-bit successive-approximation A/D converter. Input 
to the A/D converter is through a san'.pic and hold amplifier, 
a programmable gain amplifier and a 16-channel multiplexer. 
This allows a single set of analog-to-digitaJ conversion hard- 
ware to be shared by all signal conditioning cards. 

In the case of analog and low-lcve! digital signals, the moni- 
tor and control inteiface is by card-edge connectors at the rear 
of the signal conditioning cards. For digital monitor and con- 
trol signals in ex-v. >s of 24 volts, the interface is via an optical 


isolation assembly. This assembly permits ctuinection to 
circuits operating at 90 to 140 Vac and 10 to 60 Vdc. Selec- 
tion of channel diaracteristics is made by choosing fiom 
among four module typ^ for instaOation on the optical 
isolation assembly and by throwing a switch on the appro- 
priate signal conditioning card. 

The firmware supplied with the analog monitor and control 
assemblies provides the capability to interrogate or address the 
input and output channels either one at a time or in groups of 
from 2 to 16. This is done by issuing a brief command that 
includes the action to be taken and the Identity and character- 
istics of the channel or channels. The assembly also has the 
capability to perform simple mathematicai operations and co 
store an array of parameters and command or operation 
sequences for later execution by issuing the sequence number. 

V. Subsystem Interfaces 

The process of detenniring a minmiMD> set of espaoilities 
for the analog monicor and control assembles revolted in Ac 
placement of requirements ei; vinous sros>'Sicir> for selec 
tion of transducers 'ind signal conditioning. At (he .arae time, 
two standard physval interfaces ndop'-ed decrease 
intcr-sobsysteia cabling costs. were a 9 twist»^.d-piir 

cable with zn overal! shield to be jcsed ^or al! :;tgncl^ of 50 vclts 
or less end a 12 conductor cable to te used fot d! si^jVol^ m 
ex''t$z ot 50 volts. 

each subsystem, ni .mti.*; poir.U were selected to 
ne’TTia »r»ijfunctlc«t to replaceable subassemblies. 

li> genera! thii we; acccmp*hhcd b> i*?cac.»rement of sub- 
assembly outputs - eitner dLccriy (wlure the output 
i vvilta^e) Qv in approynt^te transducer to ccMv^rt 

b;e quantity bekf: measureo into a voltage, in certain 
ippheations. where subassembV ^utpui could not be 
easily verified. pc»raineters ;>jch as w.put puWM supplv 
cm rents v/eie monitored from which subassembly perfoi 
mance could be in^eired. Selection of contiol points was 
straigntforwaiu, v.nih *he only decision Vhich needed to 
be made reiaiuij; to control status in the event of a momen- 
tary failure of the monitor at'd control equipment, miere 
it was desiiab!e to keep a function operating In Ae event 
of such a failure, a two-signal (switch on. switch ofO con- 
trol scheme was adopted. For oAci cases a single signal 
was used. 

At the analog monitor and control assembly end. an inter- 
face assembly was designed to connee; the twist-lock connec- 
tors on the inter-subsyrtem cabling to the printed circuit card 
edge connectors requirco uy signal conditioning cards and 
die screw terounals on the optical isolation assembly. This 
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wiring established the relationship between the functions being 
monitored or controlled and the physical address of that 
function. This assembly also provided a convenient place to 
separate analog monitor, digital monitor and digital control 
signals arriving in one cable from each other. 

Table 2 provides a summary of MV>3 monitor and control 
points which are assessed via the analog monitor and control 
equipment. Included in this list are the location arm position 
anu meteorological sensor data which are not monitor data 
but rather part of the station data record. As noted in the 
table, the list does not include monitor and control data 
obtained directly by other subsystems. 

VI. Analog Monitor and Control 
Assembly Operation 

In order to address a fu«ictional monitor or control point it 
is necessary to know the physical address in the analog moni' 
tor and control assembly that is the card and channel number 
to which the function is connected. It is also necessary to 
know whether the function is a monitor or a control point, 
whether it is analog or digital, and, for analog charmels, the 
sensitivity needed to make the measurement. 

Fortunately, the command structure for the analog monitor 
and control assemblies is such that this information car be 
retrieved from the paiameter array by calculating one or more 
indices into the array. Thus a single integer number corre- 
sponding to a function can be transmitted to the analog moni- 
tor and control assembly followed by an instruction sequence 
number. By following the instruction sequence previously 


stored, the physical address and characteristics of the function 
can be determined and the appropriate operation performed. 
Values of monitor points are returned to the centrd computer 
by using additional instruction sequences. 

The process of initializing the analog monitor and control 
assemblies to perform these operations consists of down- 
loading two text files from the central computer. The first file 
contains command sequences whereas the second file contains 
the values to be stored in the parameter array. The process is 
performed once when the central computer software is initial- 
ized and again if an expected response is not received. The cen- 
tral computer software is notified of a failure if no response is 
received after reinitialization. 

As data are received they are put into a common area of 
storage in the central computer. It takes between 15 and 20 
seconds to completely update this area with data — the varia- 
tion being caused by the data values themselves. This tech- 
nique provides easy access by applications programs which are 
performing such activities as performance monitoring, station 
automation and malfunction isolation. 

VII. Conclusion 

A monitor and control system has been successfully designed 
and implemented using two industrial process controllers. The 
amount of engineering effort to support this activity has proven 
to be in close agreement with initial estimates. Additional 
benefits are expected during the development of applications 
software because of the versatility of the command language 
firmware provided with these controllers. 
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Tablet. Minimum capability list for MV-^immitor and control 


Parameter 

Required capability 

Analog input 

Number of channels 
Configuration 
Sensitivities 
Resolution 

64 

Differential 

0 to ± 10 Vdc and 0 to ± I Vde^^^ 
12-bit 

Digital input 

Number of channels 
Logic levels supported 
Simultaneous read capability 

50 

TTL, 26 Vdc/0 Vdc, 115 Vac/0 Vac 
16 channels 

Digital output 

Number of channels 
Logic levels supported 

27 

1 1 5 Vac (<*1 .8 Aac, 26 Vdc X .8 Adc 

Physical 

Configuration 
Maximum dimensions 

Rack mount with slides 
2f^ mm (10.5”) H X 521 mm (20.5”) 

Fnvironmental 

Operating temperature 
Storage temperature 
Operating altitude 

0 (o 45“C 
-45 (o 66*C 

Sea level to 3048 m (10,000 ft) 


(1) Selected unit has sensitivities or MO. ±5, *7.5. *1.25, *0.625 Vdc. etc., to *4.88 mVdc 

(2) Selected unit vertical dimension is 222 mm (8.75") 




Table2. MV-3 monitor and corirol points 


Subsystem and assembly 

Monitor 

points 

Control 

points 

Microwave Subsystem 

Low-noise amplifien 

5 

4 

Cryogenics 

6 

7 

Power supplies 

2 

- 

Miscellaneous 

3 

- 

Receiver Subsystem 

DowiKonvertcrs 

9 

- 

Power supplies 

6 

- 

Phase Calibration Subsystem 

Cable stabilizer 

6 

- 

Comb generators 

2 

2 

Noise adding radiometer 

- 

1 

Power supplies 

8 

- 

Antenna Subsystem^*' 

Locator arm 

9 

2 

Emergency stop/movement warning 

1 

2 

Facilities Subsystem 

Power generation 

5 

~ 

Power distribution 

2 

10 

Environmental control 

22 

- 

Data Acquisition Subsytem^^^ 

Mark 111 Data System 

9 

- 

recorders 

22 

- 

Frequency and Timing Subsystem^^^ 

Distribution amplifiers 

4 

- 

Cesium standard 

3 

- 

Instrumentation 

1 

- 

Meteorological equipment 

Sensor data 

4 

- 

Power supplies 

4 

- 

Water vapor radiometer^^^ 




NOTES. 

( 1 ) Monitor and control of antenna controller and servos are by 
self^ontained equipment. 

(2) Configuration monitor and control of Mark II! Data System 
and recorders are by self-contained equipment. Listed monitor 
points are power supply voltages. 

(3) Monitor and control of hydrogen maser, frequency standard room 
temperature monitor and part of the frequency standard perfor 
mance monitor are by self-contained equipment. 

(4) Monitor and control of water vapor radiometer is by scl/- 
contained equipment. 
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DSN Command System Mark IV-85 

H. C. Thorman 
TOA Engineering Office 


Modification of the currently operational DSN Command System Mark lIJSO in 
1982 consisted of upgrading Command System monitoring functions in the Nety^rk 
Operations Control Center DSN Command System Mark IVS5 functional design is 
i 'escribed for the Mark IV-A Network, which is planned for 1984-1985 implementation. 


I. Present System 

The Mark 111*80 configuration of the DSN Command Sys- 
tem, which was described in Ref. 1, is the currently opera* 
tional configuration. To provide computer-controlled prepass 
data transfer and validation tests and revised displays. Network 
Operations Control Center (NOCC) Command Subs>stem 
software modifications were completed in May 1982 as part 
of a general upgrade of the Network Operations Control 
Area (NOCA) to reduce operations costs. 

II. Mark IV4I5 System 

A. Mark IVA Network Impl ementati on 

The Mark IVA Network implementation, to be completed 
in 1985, will provide one Signal Processing Center (SPC) at 
each of the three Deep Space Communication Complexes 
(Goldstone, California; Canberra, Australia; and Madrid, 
Spain). The Ground Communications Facility (GCF) will 
provide communications between JPL and each SPC. The 
Networks Consolidation Program (Ref. 2) pro-idcs for the 
Mark IVA Network to support high-apogee earth-orbital 
missions in addition to the deep space missions. 

Figure 1 is a bKx:k diagram of the DSN Command Sys- 
tem Mark lV-85. as previously described in Ref. 3. Each 


Deep Space Communications Complex (DSCC) will have 
a 644neter antenna with deep space uplink, a 34-meter an- 
tenna with both deep space and earth orbiter ui^inks, and a 
9-meter antenna with earth orbiter uplink. (The Goldstone 
and Canberra co^nplexes will each have an additional 34-n^ter 
antenna for downlink only.) 

During the past year the Mark IVA Network implementa- 
tion schedule has been modified to provide earlier comple- 
tion at the Canberra complex. Additional support require- 
ments have enlarged the mission set. The Command System 
performance requirements, functional description, and sub- 
systems configurations, however, are the same as presented 
in Ref. 3. 

DSCC Command Subsystem prototype testing and software 
design are progressing on schedule. A contract for fabrication 
of the 16 new command modulator assemblies was awarded in 
June 1982. 

B. Imptementatkm Schedule 

The Mark IVA Network implementation plan calls for an 
interim configuration to be installed at all three complexes in 
early 1984, and a fmal configuration at Goldstone by Febru- 
ary 1985, Canberra by May 1985, and Madrid by August 
1985. The interim configuration will include new command 
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equipment for support of high earth orbit and deep space 
missions, while retaining portions of the present Markin 
configuration. The final configuration at each complex wffl 
include tlie 9-meter anteima and associated front end equip- 
ment, at least three strings of DSCC ctmunand subsystem 
equipmeni, and the new DSCC Monitor and Control Subsys- 
tem, as shown in Fig. 1. 

• numioii Mi 

The Mark IVA Network baseline requirements h: vt been 
extended to provide capabilities to support all of the flight 
missions listed below: 

(1) Current deep space missions: 

(a) Pioneers 6 through 12 

(b) Viking Lander 

(c) Helios 

(d) Voyagers 1 and 2 

(2> Platuied deep missions: 

(a) Galileo 

(b) Intematiofud Solar Polar Mission (1SPM) 

(c) Giotto (backup support) 

(3) Current high elliptical earth orbital missions: 

(a) International Sun-Earth Explorer No. 3 (lSEE-3) 

(4) Future high elliptical earth orbital missions: 

(a) Active Magnet ospheric Particle Tracking Explorer 
( AMPTE): 3 spacecraft 

(h> Origin of the Plasma in the Earth's Neighborhood 
(OPEN); 4 spacecraft 

(5) Other earth orbiter missions: 

(a) TDRS (launch and emergency support) 

(h) Space Telescope (emergency support) 

(c) GOES G, H, I (backup support) 

D. Performance Requirements 

Suppi>rt of the Mark IVA mission set will require Command 
System performance characteristics compatible with the NASA 
standard transponders, which arc to be used on future space- 
craft. and also compatible with current inflight spacecraft and 
certain planned spacecraft that do not use the standard trans- 
pi>ndcr SoHK o\ the required capabilities are listed below. 

( I ) Data rates. Data rates from 1 to 2lXX) bit s/sec will be 

pnwided 


(2) Subcanier frequencies. Sine-wave mi squaie-vime sub- 
earners will be generated at frequencies of 1(X) Hz to 
16 kHz. 

(3) Subetrrier data modulation. Selectkn wffl be provided 
for phase-diift-keyed (PSK) or frequeocy-diift-keyed 
(FSK) modulatioci of the subcarrier by the ptdse<ode* 
modulated (PCM) command symbol stream. An option 
for amplitude modulation (AM) of the FSK subcanier 
win abo be provided. 

(4) Carrier modulation. The command-modulated subcar- 
lier will be phase-modulated on an S-band carrier for 
radiation to the spacecraft. Control of modulation 
index angle will be provid.^ over a range from 0.1 to 
1.8 radians. 

(5) Carrier frequencies. Generation of the uplmk carrier 
at S-band frequencies assigned for deep space missioos 
will be provided at the 64- and 34-metei antennas. 
S-band frequencies assigned for earth orbit ndssions 
will be provided at the 34- and 9-meter antennas. 

in. System Functional Desc ri ption 

As discussed in Ref. 4, many of the spacecraft supported by 
the DSN have onboard storage and sequencing capabilities 
that permit command sequences to be sent wdl idvance of 
the actions to be taken by the spacecraft. Thus, fewer direct 
action (real-time) commands are needH. Ground tytiem capa- 
bilities providing massive storage • ^acecraft commands, 
multimission operating functions, anu standardized protocol 
were incorporated in the DSN Command system in 1978 
(Ref. 5). These capabilities will be continued in the Mark IV- 
85 sys%em configuratuiu. 

A. Operational Functioiiu 

End-to-End spacecraft command operations are repre- 
sented functionally in Fig. 2. Command sequences for one 
or more spacecraft are generated and stored at a Mission 
Operations Center (MOC). Commands for a particular space- 
craft are selected from the command files, formatted into 
messages, and stored for transmittal to a specified link of a 
DSCC. Command data are extracted from the message re- 
ceived and are stored and queued until radiated. Finally, 
the commands arrive at the spacecraft and are either executed 
immediately or stored onboard for later execution. 

The functions of the DSN Command System in this pro- 
cess include the following: 

(1) Establishing the DSCC configuration for the speci- 
fied spacecraft. 

( 2) Receiving and storing command data at the DSCC. 


9 



(3) Qutrjiii^ ct>minand lUta to be radiated to the space- 
craft. 

(4) Radii ting the command data to the spacecraft. 

(5) Mom oring and reporting system status and events. 

B. Opetrr ionalProoechTO 

^ .n file configuration inpuu to the D6CC Command (DCD) 
Su^;sys:et) specify the flight project name and the spacecraft 
idont>fiC.iK n number. These inputs cause the Command Pro- 
ersso! Aftimbly (CPA) software to transfer a specified con- 
fViiration and standards and limits table from disk storage to 
nr nnory. u d to configure the DCD Subsystem according to 
tfu* ubk. i langes may later be made by messages from NOCC 
v.a the CiC (or by keyboard entries at the Link Monitor and 
C hUio! Co sole, in an emergency). 

\ rior ro (he beginning of the scheduled spacecraft track, the 
ciHUrtd of the DSCC command functions is transferred to the 
NOCC . Con Iguration standards and alarm/abort limits can be 
updated by GCF transmission of messages from the NOCC 
Ci>mmand Subsystem (NCD^ real-time momtor pnK^ssor. The 
standards anc limits are derived from files compiled in the 
NOCC Suppoci Subsystem. Spacecraft-dependent parameters, 
such as symbs>l ptiiod, subcarrier frequency, alarm limits, and 
abort bmits, are established vu these messages. After the 
proper ron figuration standards and limits have been estab- 
lished. * *st commands are transmitted through the s>stcm to 
ensure • u: the s>'stem can accept spacecraft commands via 
CJCF, tempo, an. y store the ^.miands, and confirm radiation. 
IXinng this tc^t the (ran>«tuner mitput is radiated mto a 
dummy Uxid After the Network Operations Control Team 
(N(XT) has established that the s> ste ' is operating properly, 
the statii»n i |ief ator switches the transmitter to space radia- 
iioit, and the NtX'T transfers command data control to the 
lligit project's MOC for U»ading of actual spacecraft comnund 
sequences *o '‘e radiated to the sp-weciafl durmg the track 
pen Hi. 

At the time for of each command element, the 

suhs>stcm iJvances » hv active m^Hie (sec Fig. 3 for descrip- 
tion of the vanous modes) and command data are transferred 
to the Commjn*i Minluljior AssemhU (CMA) for immediate 
radiation v;a Receiver- Fxciler. Transmitter. Microwave, 
and Antenr»d Subsystems. 

C. Comir^nd !>ata HandR'^jg 

The IX I) w. bsysten design al!v>ws mission operations to 
prepare Urge t spacecraft commands in advance and 

then to forwarl .cveral files to the DS('C link at the begin- 
ning o\' a sp icccratl track. The design also provides real time 
s> .ten ->k.ilus numitiuing and control. Fi>r proicviion ot 


data integrity, every message block to or from the CPA con- 
tains a block check ssum, in addition to the GCF error detec- 
tion provisions. 

1. ONmattid fles. Each file may consist of up to 256 high- 
speed data blocks. The content of each data blo^ is a file de- 
ment. The fust block in a file contains the header element and 
each subsequent block contains a command dement. Each 
command dement may consist of up to 800 bits of space- 
craft command dau. Up to 8 files for a given mission can be 
stored by tite CPA. Thus the available storage b over 1.6 mfl- 
1km command bits. 

The header element contains file identification informatioo, 
file processing instructions, and a file checksum. The f3e pro- 
cessirig instructions indude optional file radiation open and 
dose window times, and an optional file bit 1 radiation rime. 
File oper and dose window rimes specify the time interval 
during which command elements in the file may begin radia- 
tion (i.e., a mission sequence may demand that spedfic com- 
mands not be sent before or after a certain time). The bit 1 
radiation time allows the project to specify the exact time at 
which the file is to begin radiation to the spacecraft. The file 
checksum is created at the rime of file generation and is 
passed intact to the CPA. It adds reliability to insure that no 
data were dropped or altered in the transfer from one facil- 
ity to another. (This is in addition to the previously men- 
tioned block checksums.) 

The command elemenU each contain command bits, file 
identification, element number, element size, and an optional 
“delay time*' (interval from start of previous element). If 
delay tune is not specified, the element will start radiating 
immediately after the end of the previous element. 

2. Receiving and storing command data at a DSCC. Nor- 
mally. the files of commands to be radiated to the space- 
craft will be sent from the MOC to the specified DSCC link 
at the beginning of a spacecraft track peritxl. However, files 
may he sent to the DSCC link at any tunc during the space- 
craft track period. The first step in receiving and storing 
Ci>mmand data at a DSCC is the priKCSs of opening a file 
area on the CPA disk. The MOC accomplishes this by sending 
a header element, which serves as a /i/cw>/hvi directive. After 
the CPA acknowledges receipt of the header element, the MOC 
sends the remainder of the file (up to 255 command elements) 
and follows it with a /r/t-t/«»5<* directive. The CPA acknow- 
ledges the file<lose instruction and indicates whether the file 
loading was successful or unsuccessful. If the file loading was 
unsuccessful, fhc acknowledge message contains the 'cason 
tor the *'ailuie and from what point in the file the command 
elements are to be transmitted. ^Tien the file is successfully 



cU>sed. the MOC may proceed to send additional files, up to 
a total of eight. 

3. Queuii^ the command data for radtadon. After the files 
are stored at the CPA, the MOC ihen sends a fUe^attacn direc* 
tive fi>r each of up to five Pe names to be placed in the radia< 
tion ^uctic. Ihe Mission Control Team determines in which 
order the files are to be attached. The order in which the file- 
attach directives are received at the CPA determines the 
sequence in which the files will be radiated: that is, first 
attached, first to radiate to the spacecraft. 

4. Command radiation to the spacectaft. The first com- 

mand element in the top (prime) file in the queue begins 
radiation to the spacecraft immediately after attachment or 
as soon as ail optional file instructions (such as bit 1 radia- 
tii>n time) are satisfied. The prime file status is defmed to 
he when the first command element begins radiation. 

Vpon completion of radiation of the first command element, 
the second command element begins radiation either iinme- 
diateiv or when the i^ptional Jday nnw has been satistied. 
The priKess continues until all command elements in the file 
have been radiated. After the first file ciunpletes radiation, 
the second Hie in the queue automatically becomes the prune 
fde and the command radiation process is repeated. After the 
second file completes radiation, the third tile becomes prime, 
etc. This priKcss is repeated until all files in the queue are 
exhausted. The MOC can attach new files to the queue when- 
ever space is available. 

Cv>nfirmati«uis of prime-file command -element radiations 
are reported in event mesuiiies to the MOC and NOCC once 
per minute, or after five elements have been radiated, which- 
ever iHTCurs first. If a command element is aborted, or if an 
alarm vKcurs. an event message is sent immediateK . 

5. Additirmal data processing. The foregoing descriptions 
of the DSCC functions of storing the command files, attach- 
ing the files t‘> the queue, and radiating the commands to the 
spacecraft as.sume nominal (standard) operation. Additional 
data processing functions are prtnided worst -case condi- 
tu>ns of non-nominal operations and faihne rccovcrv. Con- 
trol of these t unctions is normalK exercised romoteK from 
me MtX’. However. emcrgenc> .ontrol is also available at 
the Link Monitor and Control Console. 

j hile erase A file can he deleted fn>m storage at the CPA 
In means of a file erase directive, it the file is not attached to 
the radiation queue 

h CUarinn (he ifueue As prcMousK stated, the ouier ot 
tile radiation to the spacecraft is dependent the order ot 


files in the queue. To rearrange the order, a drars^eue direc- 
tive must be sent, followed by file-attach directives in the 
desired order. 

e. Suspend radiation. If the Mission Control Team desires 
to stop command radiation, a suspend message can be sent to 
the CPA. This message stops command radiation to the space- 
craft upon completion of the current clement. The fSe status 
then changes from active to suspended. 

d. Resume command radiathm. To restart n^liation of a 
suspended file (either suspended intentionaOy or from an 
abort), a message can be sent to resume radiation at any speci- 
fied unradiated clement in the file. The suspend and resume-at 
directives can be used for skipping elements of the prime file, 
if desired. 

e. Command abort. As each command bit is radiated to the 
spacecraft, numerous checks are made to insure v*alidity of the 
command data. If a failure is detected during the radiation^ 
the command element is automatically aborted, the prime file 
status IS changed from active to suspended, and radiation is 
terminated until a resume directive is received. 

In addition to the automatic abort function there is provi- 
sion for the MOC to send an abi>rr and suspend directive to 
temiinatc a>mmand radiation immediately without waiting 
for completion of an element. 

f. C/osc w'lndtm’ time override. If a close- window time is 
specified in a fde header element, anu ilie Mission Operations 
Team later decides to extend the permissible time for radia- 
tion of that file, an i)vemde message can be sent (after the 
file iKcomes prime) which instructs the CPA to ignore the 
close window time. 

D. Data Records 

All message blocks received by the CPA and all blocks sent 
from the CPA will be logged at the DSCC on the Original Data 
Kecoid (ODR). In addition, the CPA has the c;;pability to 
record a iempt>rary ODR on disk if the ODR is disabled. 

Message blocks ironi all complexes are recorded at the GCF 
central coniniunications temiinal (CCT). Command system 
mcs>age blocks trom a Mission Operation Center to a DSCC 
are also recorded at the CCT. 

The DSCC original data records and the CCT recording prw 
vide information tor fault isolation in case probK-*ms iKCur in 
the CtMiimand System operation. 
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IV. Sub sy stem s Configurations for 
Mark IV-SS System 

Planned modifkations and reconfiguration of suf^stems 
for the DSN Command System Mark 1V>85 (and Mark IV-84) 
are summarized below. 


A. Antenna Ma ch a nteal Subs ys tem 

At Canberra and Madrid aQ antennas wdi be located in 
the vicinity of the SFC. At Gladstone, the 64*meter antenna 
and the 94iieter antenna wiU be located near the SFC. The 
Gddstone 34-meter transmit-receive anteruia will remain at 
the present DSS 12 (Echo Station) site, but control wiD 
reside at the SPC. 


B. AnteimaKMcrowave Subs y stem 

For the 9-meter antenna, the microwave subsystem will 
provide uplink signal feed at S-band frequencies assigned for 
earth orbital missions (2025-2110 MHz). For one 34-meter 
antenna at each complex, the microwave subsystem will be 
required to handle S-band uplinks over the range of earth 
orbital and deep space missions (2025-2120 MHz). For the 
64-meter antenna the microwave subsystem uplink capabil- 
ity will be unchanged (S-band 2110-2120 MHz). 


The 9-meter and 34-meter antenna microwave subsystems 
provide selection of right or left circular polarization. The 
64-meter antenna microwave subsystem provides selection 
of linear polarization or right or left circular polarization. 


C. Transmitter Subsystem 

The 9-meter antenna will have a 10-kW transmitter oper- 
ating in the earth orbital mission S-band frequency range. A 
34-meter antenna will have a 20-kW transmitter operating 
over the range of earth orbital and deep space mission S-band 
frequencies. The 64-meter antenna will have 20-kW and 
100-kW transmitters for the deep space mission S-band fre- 
quency range, as now. 


D. Receiver-Exciter Subsystem 

An S-band exciter for the earth orbital frequency range will 
he provided for each ^-meter antenna. The DSN exciter for the 
.^-meter antenna will be upgraded to cover earth orbital and 
deep space mission S-band frequencies. The present DSN 
S-hand exciter will K 'Stained in the 64-meter antenna link. 


Functions of the exciter include receiving the command- 
modulated subcarrier sign^ from the DSCC Command (DCD) 
Subsystem, phase-modulating that signal on the uplink carrier, 
returning a demodulated signal to the DCD subsystem for con- 
firmation, and sending modulation on or off indications to the 
DCD subsystem. 


E. DSCC Com man d Sttf my ste m 

In the final Mark IVA Network configuratioa (in 1985), 
the DCD Subsystem in the SPC at eadi complex will be 
implemented as shown in Fig. 1. A new Command Switch 
Assembly (CSA) will permit any of the exciters to be con- 
nected to any of the Command Modulator Assemblies (CMA) 
under control of the Complex Monitor and Control coosc^. 
New CMAs will be implemented to accommodate the 
Mark IVA mission support requirements. The CPAs will use 
existing Modcomp 11-25 computers with core monory in- 
creased to maximum capacity. CPA software will be upgraded 
to satisfy new mission support requirements, to modify the 
CMA interface functions, and to provide required functimis 
for interfacing with the new DSCC Monitor and Control 
Subsystems. 

F. Monitor arid (^mtrolSidisys^ 

New equipment will be implemented for the DSCC Monitor 
and Control Subsystem (DMC) at each complex in the final 
Mark IVA Network configuration. Assignment of command 
equipment (antenna, transmitter, exciter, and command 
modulator-processor combinations) to a given "^link/" for each 
scheduled spacecraft pass or for a scheduled test, wiD be 
accomplished by the DMC along with telenK^ry and tracking 
equipment assignments. Prepass countdown will be contrdled 
by inputs at the Link Monitor and Control Console. 

The DMC will receive antenna pointing and uplink fre- 
quency predictions and will relay them to the appropriate sub- 
systems. The DMC will send link status information to the 
CPA. and the CPA will send Command Subsystem status infor- 
mation to the DMC for link console displays and for incorpo- 
ration into the mo*;i!or data that the DMC sends to the NOCC. 

In the interim configuration, the Monitor and Control Sub- 
system will be limited to the existing Data System Terminal 
(DST) and Digital Information Subsystem (DIS) functions. 

G. GCF Subsystems 

In the final Mark IVA Network configuration, the GCF 
Digital Communication (GDC) Subsystem will replace the 
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pment GCF Htfh Speed Data and GCF Wideband Data 
Subsystems, Command data blocks will be communicated 
at a line rate of 56 kb/s, instead of the present 7,2 kb/s rate, 
between the Central Conununications Terminal at JPL and the 
Area Routing Assembly at each DSCC, 

At the Goldstone DSCC the GCF Intersite Analog Com- 
munications Subsystem will conununicate the CMA output 
signal from the SPC to the DSS 12 exciter and the confirma- 
tion signal from the exciter to the SPC. 


H. NOCC Comnrwnd Su bsys tem 

The NOCC Command Subsystem (NCD) Real-Time 
Monitor (RTM) software will be upgraded to accommodate 
new destination codes, spacecraft identifiers, standards and 
limits tables and test command tables for the interim and 
final configurations. The NOCC Support Subsystem will be 
expanded to provide capability for Command System per- 
formance record and analysis and additional capacity for 
test command tables. 
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SUBSYSTEM MODE 


PRIAtt PURPOSE 


DATA ACaPTEO 

VIA HIGH SPEED COAWENTS 



ALLOWS DSS OPS PERSONNEL 
TO »ERFORM INITIALIZAT'ON TASKS 


STANDARD MODE FOR UPDATING 
STANDARDS AND LIMITS AND 
CONFIGURATION DATA VIA HIGH 
SPEED PRIOR TO SPAaCRAFT 
ACQUISITION 


SAFE MODE - CANNOT COMMAND. 
PROVISION FOR IDLE/ACQUISITION 
SEQUENCE, ALLOWS CONFIGURATION 
AND STANDARDS AND LIMITS TO BE 
CHANGED 


ALLOWS ENTRY INTO ACTIVE MODE. 
PROVIDES IDLE/ACQUISITION 
SEQUENCE DURING COMMAND 
PERIODS 


COMMAND TRANSMISSION 


H :?VIDES ABORT INSTRUCTION 
TO CMA 


CONFIGURATION, STAND- UPON REaiPT OF A STANDARDS 
ARDS AND LIMITS, MODE AND LIMITS AND CONFIGURATION 

CONTROL, RECAU WILL^iffN^^ CALIBRATE 2 MODE 


CONFIGURATION, 
STANDARDS AND LIMITS, 
MODE CONTROL, RECALL 


MULTIMISSION STANDARD PROCE- 
DURES SHOULD STATE THAT THIS MODE 
IS TO BE ENTERED FOR CHANGING 
SUBCARRIER FREQUENCY, BIT RATE 


CONFIGURATION, ALL STANDARDS AND LIMITS AND 

STANDARDS AND LIMITS, CONFIGURATION DATA PARAMETERS 

MODE CONTROL, RECAU WILL TAKE IMMEDIATE EFFECT IN 

THIS MODE 


RECALL AND MODE CONTROL MODE CONTROL DATA CONTAINED 
DATA ONLY IN THE COMMAND ELEMENT BLOCK 


RECALL AND MODE CONTROL 
DATA ONLY 


RECALL AND MODE CONTROL 
DATA ONLY 


NOTES 1 . COMMAND DATA MESSAGES WILL BE ACaPTED IN ALL MOOES 

2, ALARM messages/alarm DATA WILL BE TRANSMITTED TO THE MOC IN ALL MODES EXCEPT ABORT 


Fig. 3. DSCC Command SuDsyatem modes 
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77iis article describes the DSN VLB! System Mark IV-86, Wide Chatmel Bandwidth 
(Block I!}, it covers the system requirements, description and implementation plans. 
Narrow Channel Bandwidth VLBI (Block 1} was described in pre\ *us articles (Refs, 1,2), 


I. Introduction 

The DSN Very Long Baseline Interferometry (VLBI) 
System Mark IV-86 will be implemented to provide the radio 
source catalog and baselines maintenance for Galileo delta 
differential one-way range (delta DOR). The primary stations 
to be used for radio source catalog maintenance are the 34-m 
deep space listen-only stations that are planned for Goldstone, 
California, and Canberra, Australia. However, the 64-m deep 
space stations at each complex can also be used for Wide Chan- 
nel Bandwidth (WCB) VLBI. 

The Galileo precision requirement for radio source cata- 
log is 25 nanora Jians (15 cm), and 30 cm for baseline deter- 
mination. 

II. System Description 

A. Definition 

The Deep Space Communications Complex (DSCC) VLBI 
System is the assemblage of various subsystems at a speci^c 
complex which form an instrument for receiving and obtain- 
ing necessary VLBI data in conjunction with at least one other 
complex and, together with elements involved with the moni- 
toring and control and data processing functions, comprise 
the DSN VLBI System. 


B. Description 

Functionally, the DSN VLBI System (Fig. 1) comprises the 
DSCCs, which individually receive the RF signal and down- 
convert segment bandwidths of the RF spectrum to videoband 
frequencies, which are then digitized and formatted by digital 
equipment. The digital data is then recorded on wideband 
recorders and shipped to the JPL/Caltech Correlator Facility 
for processing. Many of the functional blocks in Fig. 1 are 
common to both the Wide Channel Bandwidth (Block II) and 
the Nanow Channel Bandwidth (Block I) versions of the VLBI 
System. (See Refs. 1 and 2 for Block ! description.) 

The Antenna Subsystem is pointed to the appropriate signal 
source at the proper time by the Antenna Pointing Subsystem, 
which obtains pointing information (predicts) from the Net- 
work Data Processing Area (NDPA) of the Network Opera- 
tions Control Center (NOCC) via the DSS Monitor and Control 
Subsystem (DNC) and the Ground Communications Facility 
(GCF). 

The Antenna Microwave Subsystem (UWV) receives the 
signal flux gathered by the antenna. After amplification by 
the FET or TWM, the signal is sent to the Rcceiver-Excit . 
Subsystem, which heterodynes this signal to an intermediate 
frequency (IF). 
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The WCB system vorifiguration will have 14 channels of 
7 pairs (expandable to 28 of 14 pairs) of adjacent lower and 
upper sideband spectra seb^'^able from 0.25- to 2.0-MHz band< 
widths. These paired c^.onnels may be allocated as desired 
between S- and X-band /requcncies, and each channel may be 
individually set to any place within the bandwidth, limited 
only by the front end amplifier and RF-IF downconverter. 
These frequencies are further downconvert'i from IF to video 
for the final acquisition and recording processes. 

The Frequency and Timing Sub^ stem (FTS) provides the 
station local clock, using a very stable hydrogen maser as the 
primary standard. Reference frequencies and timing signals 
are derived from the clock for distribution to other subsys- 
tems. Similarly, a reference signal from the coherent refer- 
ence generator (CRG), which distributes the reference sig- 
nals, will drive phase calibration generators (PCG) as part of 
the Frequency and Timing Subsystem (FTS) via a coaxial- 
cable, phase-stabilization assembly which effectively trans- 
lates the station's clock frequency stability to the comb gener- 
ators in the PCG. The comb generator provides comblike, 
phase-stable, line spectra S- and X-band microwave frequen- 
cies, which are injected into the respective Microwave Sub- 
systems prior to the input circuitry of the FETs or TWMs. 

These phase-stable reference signals are amplified by the 
receiver and are down-converted simultaneously with the 
received signals. These reference signals will be used to cali- 
brate out phase variations (which occur within the receiver, 
down converter, and digital subsystems) during the cross- 
correlation and data processing procedure. Since the comb 
signal encounters the received s,^al for the first time at the 
injection point, this point is established as the instrument's 
RF reference p mt for the DSCC VLBI System. This is the 
point at which the cross-correlation and postcorrelation esti- 
mation calcu'<itions refer the resultant Earth parameters, 
station location and clock offset and rate information relative 
to the other instruments. 

The reference is used to relate other station references such 
as the station's location reference point (intersection of 
antenna axes or equivalent) and the Epoch reference point at 
the FTS CRG output located within the control room. The 
cabi. stabilizer effectively translates these points with a known 
tii'je delay for interstation clock synchronization purposes. 
The clock Epoch reference point in turn will function as the 
reference for ail subsystems and assemblies within the respec- 
tive stations. 

The data acquisiMon and recording subassembly records 
tlie data at rates up tc 112 Mbits/sec. The tapes generated are 
shipped to the JTL/Caltcch correlation facility for processing. 


The sample of data from each radio source is transmitted 
via GCF wideband data line to the NOCC VLBI Processor 
Subsystem (VPS) for validation of fringes from the baseline 
pair of stations. The results are displayed to the Network 
Operations Control Team, and also transmitted to the sta- 
tions for display. 

The Deep Space Communichtions Complex (DSCC) Moni- 
tor and Control Subsystem (DMC) sends cor.trol and config- 
uration information to the DSCC VLBI Subsystem (DVS) 
from data received from NOOr via the GCF. It ai«o coDects 
various calibration and configi ration data which is provided 
to the DVS for rec<^rding with the VLB! data and ;ia the GCF 
for monitoring. 

At NOCC (Fig. 1), the NDPA use ita 1 jr real-time 

monitoring-display hmetions in the ..ork Operations 

Control Area ^OCA). The N(X^A provides the control infor- 
mation to the DSCC, via the Gt^F, to the DMC. 

The JPL/Caltech VLBI Processor receives tapes and per- 
forms the cross-conelation of the data from the observing 
stations and, with fuither postcorrelation and estimation 
processing, radio source cataiDg data and baseline data are 
generated. 

III. Implementation 
A. General 

Implementation of Wide Chinnel Bandwidth (WCB) VLBI 
will provide a capability to maintain the radio source catalog 
and baseline distances. Hie WCB VLBI supplements the Nar- 
row Channel Bandwidth (NCB) VLBI. The NCB VLBI is used 
for direct navigation support in determining relative clock and 
clock rate offsets, Universal Time 1 (UTOr polar motion (PN3) 
and delta differenced one-way raige (delta DOR). 

A simplified block diigram of WCB VLBI is shown in 
Fig, 1. The WCB VLBI wiU be implemented on a 34-m listen- 
only iintenna subnet. Effective t and width will be 400 MHz at 
X-band and 100 MHz at S-band. Sampling rates and recording 
will be at 14 Mbits/sec to : 12 Miits/sec. Tapes will be shipped 
to the JPL/Caitech correlator for processing. 


B. Functional Perfonrance Requirements 


Parameter 

X-band 

S-band 

System temperature 

60 K 

SOK 

Bandwidth 

400 MHz 

100 MHz 

Frequency range 

8200-8<i00 MHz 

2200-2300 MHz 
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Parameter 

X-band S-band 

No. of channels 

14 (expandable to 28) 

Channel bandwidth 

im.i 

No. of tones/channel 

3 (nunimum) 

No. of sampling rate 

14-1 12 Mbits/sec 


C. Modifications for WCBVLBI 

Modifications to a standard 34>m listen-only Front-End 
Area (FEA> end Signal Processing Center (SPC) to provide 
WCB VLBI are given below. 

1. MIciowave. Wideband field effect transistors (FET) at 
both S- and X-band freouc.icies will be added with a band- 
width of 100 an * 400 MHz, respectively. System tempera- 
ture will be less than 50 K at S-band and 60 K at X-band. 
The frequency range will be at least 100 MHz at S-band from 
2200-2300 MHz and 400 MHz at X-band from 8200- 
8600 MHz. 

An inrertion port for both S-band and X-band will be sup- 
plied as far forward in the microwave as possible in order to 
insert calibration tones for VLBI system calibration. 

2. Receiver. An RF-to-IF conversion assembly will be 
added for both S- and X-band. The S-band will have a band- 
width > 100 MHz and range of 2200-2300 MHz. The X-band 
will have a bandwidth >400 MHz and a range of 8200- 
8600 MH/. 

3. Phase calibration generators (PCG). A PCG assembly 
will be added that will transfer the stability of the hydrogen 
maser frequency standard to the anteni ..licrowave (LWV). 
At the UWV a coherent comb generator subassembly generates 
a comb of frequencies across the frequency range. This comb 
ficquency divisor is selected so that at least thiec tones are in 
o le 2-MHz VLBI channel. 

4. WCB VLBI Data Acquisition Assembly. The Data 
Acquisition Assembly is located in tne SPC and provides the 
following functions: 

{ j ) Selects the IF signal. 

(2) Selects ♦'^cquency synthesis channels. 

( 3 ) Provides 1 F-vidco conversion . 

(4) Provides im ige rejcclion and low p:ss filtering. 

(5) Provides data sampling, formalting and recording. 

(6) Provides selective data tiansmission via WBDL for 
validation. 


Initially the Data Acquisition Assembly will provide 14 
channels of 7 pairs of adjacent upper and lower sideband 
spectra, selectable from 0.25 to 2.0 MHz. The number of chan* 
nels will be expandable to 28 charmels of 14 pairs. 

Data sampling and recording will be at 14 to 1 12 Mbics/sec. 
The format for .ecorde g will be compatible with the Mark 111 
Haystack Observatory. Data transfer wjl be magnetic tapes 
shipped to the iPL/CP' corre*8*or facility. 

5. Water Vapor Radiome:^. ‘ Vb fhe WVR measur i 
water vapor content along the Une of sight in order to calibrate 
the VLDl d;*ta for this error source. The Advanced-Systems 
WVR models will be upgraded and integrated into the DSCC 
technical facilities. Data will relayed from the technical 
facilities subsystem to the DSCC VLBI subsystem for incorpo- 
ration into the VLBI data stream. These data will be used b> 
the Block 11 correlator to calibrate VLBI observables for water 
vapor content along the line of sight. 

The WVR measures the brightness temperature at two 
frequencies - 20.7 and 3 1 .4 GHz. These brightness tempera- 
tures are used to determine the water vapor content along the 
line of sight. The WVR is slued witii the main antenna; and 
periodir calibration is done by dipping in elevation at each 90^ 
in aziiiijth. 

6. Block 11 correlator. The Block 11 VLBi correlator is a 
joint JPL/Caltech implementation wdth the correlator located 
at the Caltech campus. 

The Block II correlator will be implemented for the corre- 
lation and postcorreiation for 3 stations simultaneously 
(expandable to 7 stations). Data correlation will be to the 
rate of data acquisition. Data input will be VLBI data tapes. 

In order to calibrate the VLBI data, known tone ;.ignais 
of constant frequency ^re injected in the microwave subsystem 
during a VLDl observation. Diring correlation, the correlator 
assembly will generate (with a local model) this same fre- 
quency and (by comparison .o fhe injected constant fre- 
quency) measure phase change due to phase instabilities in 
fhe microwave and receiver subsystems. 

Given a set of parameters, the software model calibrates the 
phase to within 10”* cycle )f fimge. Also, a record of the cal- 
culations along with their results are kept with a precision of 
10’* cycle of fringe. Output is available in both delay and fre- 
quency domain. 

The software model constantly updates its compuiai.^n of 
the required geometric time delay lag due to the Earth's rota- 
tion. Liglit instantaneous lags (four preceding and fi ur follow- 
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ing the nominal geometric delay) will be provided to deter^ 
mine the actual geometric delay. The maximum equivalent 
error of the VLBl Block 11 processor tracking the model delay 
(the error in keeping constant the pomt of maximum corre- 
lation) will be 0.01 lag. 

The JPL/Caltcch VPS will be able also to process data col- 
lected and recorded by Goddard Space Flight Center (GSFC)/ 
Haystack Observatory Mark 111 VLBl System. 

POstcorrelation functional requirements are as follows: 


(1) Compute natural radio source and tone phase. 

(2) Calibrate natural radio source phase for station instru- 
ment error. 

(3) Compute calibrated natural radio source delay. 

(4) Resolve cycle ambiguities. 

(5) Calibrate for transmission media effects. 

(6) Sdve for natural radio source locations and baseline. 

(7) Update radio source catalog and baselines. 
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Beginning with tne GaMko spacecraft launch in I9S3. deep space payloads will be 
launched via the Space Shuttle. This change from the previous use of expendable launch 
vehicles will introduce large changes in procedures and data flow configurations for both 
the flight project and the Deep Space Network during the launch period. This artkle 
describes a typical Galileo laurtch period sequence of events and telemetry a^d command 
data flow configurations. 


I. Introduction 

Starting with the launch of the Galileo space; laft. now 
scheduled for 1985. deep space payloads wiD be launched 
via the Space Shuttle vehicle of the Space Transportation 
System (STS), in sharp contrast to all previous launches of 
deep space payloads via expendable launch vehicles. This 
very significant change in method of launch will result in 
large procedural changes for both flight projects and the 
Deep Space Network (DSN), in its capacity as lead support 
network for all deep space missions. In a previous article 
(Ref. 1). the Space Shuttle impact on the DSN initial acqui- 
sition was described: in this article, procedural differences 
for the flight project and DSN during the pre and postlaunch 
periods are examined. In particular, major subphases of the 
pre and postlaunch period are identifled. and telemetry and 
command data flow configurations are presented for each 
subphase The Galileo mission is used to exemplify a typical 
launch period sequence of events and data flow configurations. 


Major difl^rences for the flight project and DSN in the 
upcoming *^pace Shuttle era are the larger number of sub- 
phases in the launch period (e.g.. Shuttle on-orbit phase of 
several hours, for which there was n< similar phase in the 
expendables era) and direct launch involvement of additional 
NASA centers (e.g., iohnson Space Center) and non-NASA 
facilities (e.g.« Air Force Satellite Control Facility). 

Section 11 describes the nominal Galileo sequence of 
events during the launch period. Section III identifies major 
launch period subphases, whfle Section FV identifies the tele- 
met.^' and command data flow configurations for each of the 
launch period sub phases. 

II. The Nominal Galiteo Sequence of Events 

As previously mentioned, the Galileo spacecraft is currently 
scheduled for a 1985 launch. The overall launch period begins 
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with tilt tramporting of the ^>acecraft to the Kennedy Space 
Center (KSC), extends dtrougi. liftoff, and terminates with a 
succeasftd DSN initial acquisition. Typical prelaunch (prior to 
liftoff) and postlaunch (foDowing liftoff Galileo seqtmices of 
events ar.* described in detail below. 


A. Nominal GaMeoProlauiKh Sequence 

The Galileo spacecraft is transportc?! from die Jet Ptopul* 
sion Laboratory (JPL) to the Kennedy Space Center (K5C) 
by a United Sutes Air Force C-5A aircraft. After being un> 
packed in the Spaceciaft Assembly and Encapsulation Facility 
(SAEF), the «pac^ralt is inspected to determine if any dam* 
age was s*r .ained dkuing transit. Baseline tests, induding the 
use of a 1 C X*band radio frequency (RF) subsystems, are 
evahtated. At the conclusion of these tests. Radioisotope 
Therraoele.'tiic Generators (RTGs) are installed on the space* 
craft and tests are rerun using the RTGs as the source of elec- 
trical power. When these tests are completed, all power is 
removed from the spacecraft :o ensure that the installation 
of pyrotechnic devices and the loading of consumables in 
the propulsion system will be carried out in a safe environ- 
ment. At the conclusion of the propulsion loading and pyro- 
technics installation, the spacecraft will again be activated for 
further testing and will be prepared for transfer to the Vertical 
Processing Facility (VPF). At the VTF the spacecraft will be 
mated to the Spacecraft Injection Module and the two Inertial 
Upper Stage (lUS) stages End-io-cnd tests via the Merritt 
Island Launch Area DSN Facilit\' (MIL 71). lUS, and Space 
Shuttle communications routes will be performed. A series of 
operational tests will also be i ji;ducted. Upon satisfactory 
completion of these tests, the spacecraft will be placed into 
the storage mode to await shipment to the launch pad. About 
ten days before launch. t.he spacecraft will be removed from 
storage and transported to the launch pad, preceding the 
Shuttle arriv?! by two days. After cargo preparation proce- 
dures are completed the spacecraft will be installed in the 
Shuttle Orbiter Bay. The RTGs are then reinstalled in the 
spacecraft. Final end-to-end communications tests using MIL 
71 (hardline onl>i and Space Transportation System (STS) 
Tracking Data Relay SateUite (TDRS) communications links 
will be cond\ic:ed. These tests should last about four days. At 
their conclusion the launch countdown will commence. 

Figure 1 presents the nominal Galileo preiaunch sequence 
of events for an early May 1^85 launch. 

B. Nominal Galileo Postlaunch SecTjence of Events 

About one hour after liftoft. the project will commence 
checking out the condition of the spacecraft to see if the 
vibration and acceleration forces encountered during the 


powered portioa of the Shuttle flight have affected the ob- 
served pr^unch condition of the spacecraft. The tatemetry 
checkout wiB be via the STS-TlHtS ooromuaication uiF K 
required, updated commaiids may be sent to the spacecraft 
via this same oomimmications link. A decision to cootinue 
with the planned flight to Jupiter must be made by L phis 
7.5 hours. 

If a “go’‘ dedsioo is nadc, a Spacecraft-Shuttle separation 
should occur during the sixth Shuttle orbit, about .".7 he 
after launch. During the more favocatde periods of the bunch 
window, the separation could be debyed until the seventh or 
eighth orbit without jcu|««irdiaiag the obfcctiv . misskMi. 
After separation, an HJS S-hand link can be used to route data 
between the spacecraft ana the shuttb. The maximum useful 
rai^ of this Imk is 20 kikmietets. At longer ranges it wfll 
require the lUS oommiuiicatjons network to provide lUS per- 
formance and Galileo telemetry data. 

About 45 minutes after separation, the lUS first-stage 
engine will bum until the propellant is exhausted; during the 
engine bum the Galileo transmitter will be turned on. Separa- 
tion of the first stage will occur about 10 seconds after fud 
depletion. Thirty-Ove seconds Uter the lUS second stage will 
commence a one minute and 40-second bum. Fifty seconds 
after burnout, the second stage will sep ^atc. Fhc spacecraft 
transponder will now be the only means of exchanging data 
between the flight project and the qiaoecraft. Fifteen seconds 
htcr the injection module engine will start, and shortly after 
engine start the spacecraft boom will be deployed. After an 
85 -second bum, the engine wiH stop for approximately 10 
seconds, and then restart for a 50-second bum. During this 
second burn, the spacecraft will be rotated to achieve spin 
stability. After fuel depletion, the injection module will sep- 
arate from the spacecraft . The injection module will then per- 
form a maneuver to avoid the same trajectory path as the 
Galileo spacecrat't. 

Figure 2 presents the nominal Galileo postlaunch sequence 
of events. 

Hi. Major Launch Subphases During a 
Shuttie Deep Space Payioad Launch 

The overall launch period of a deep space payload launch is 
conveniently subdivided into three major categories, as follows: 

(1) Pro launch phase. 

(2) Shuttle attached phase. 

(3) Shuttle detached phase. 

These are described as follows 
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JL PMtaiaich PhsM 

Tliis phase suits with spacecraft assembly in the Spacecraft 
Assembly and Encapaihtion FacSity, and inchides that tsie 
the spacecraft spemb in test at the Vertical Ptooesshig Facility, 
and finally the move to the launch pad. This phase tenninates 
with liftofT from the pad. Subph^ durh^ the prelauich 
period are klenti&ed as: 

(1) Spacecraft Assembly and Encapstihtion Facdity. 

(2) Vertical Plrocessing Fadhty. 

(3) Launch pad. 

B. Stmttin Attached PII8S0 

This phase starts at the moment of hftoff, and proceeds 
through the Shuttle ascent and the Shuttle on-orbit opera- 
Uoos. Tins phase is teraimated when the lUS-spacecraft is 
placed outside the Shuttle Orbiter. Subphases during the 
shuttle attached phase are identified as: 

(1) Shuttle ascent. 

(2) Shuttle on^>rbit. 

C. StnmteDeiachad Phase 

This phase starts when the lUS-q»cecraft is placed outside 
the Shuttle vehicle, and proceeds through the lUS bum and 
spacecraft iiqectioa module bum. This phase terminates with 
a successful DSN initial acquisitton. Subphases during the 
Shuttle detached f^iase are identified as: 

(1) IDS bum. 

(2) Spacecraft injection module bum. 

IV. GalUeoTelefiMiry and Conunand Data 
Flow CUmfigurations During die Launch 
Period 

There are 4 ma|or telemetry and 2 major command data 
flow configurations during the launch period, and these 
are detailed as follows: 

A. Galileo Spacecraft— DSN 

This path exists for both telemetry and ^^^mmand data. The 
link between the spacecraft and the Merritt Island Launch 
Area (MILA) DSN facility (MIL 71) is both radio frequency 
(RF) and hardline. Communications from MIL 71 to the iPL 


Mwsioo Coetrol and CdraputteK Cento (MCOC)k via the JPL 
Ground Comanmications FacSty (GCF). 

This path is for telemetry data oidy. The ttdt between the 
spacecraft nd the MLA Gromid Spacecraft Ttaddog aad 
Data Network (GSTDN) statkm k RF. From the GSTDN 
station an RF uplink is estahWAed to the Trackh^ and Data 
Rday Satellite (TMtS). Ahematdy, an RF Ink can be estab* 
Kshed diiectly from the spacecraft to TMS. From TDiK, 
an RF downhak k cstaWWmd to the White Swds Ground 
Statioo (WSGS). From there, the data is ua n am i t tBd via 
domestic sateffite (DOMSAT) to the Goddard Space Flj^t 
Center (GSPC) NASA CormnunkatiQns (NASCOM) sw i teb fag 
center, and tboice through DOMSAT to JPL MOCC. 

a QaWnoSii n cac m ll— Rg 

This path is for telemetiy data only. GaMeo tekraetiy is 
embedded m JUS telemetry. An RF Imk is estabhshed from 
the lUS to the Air Force Space Ground Link System (SGLS). 
The Galileo/IUS data is transmitted to the Air Force SateOile 
CoDUol Facility (AFSCF), where Galileo telemetry is stripped 
oui and transmitted via GSFC NASCOM switching to 
MCCC. 

O. GnBteo S pa cecraf t— SIwittIn 

This path is for both tefesnetry and command. For tde- 
metry, the link can be direct from the Galiko spacecraft to 
the Shuttle Orbiter, or embedded in lUS telemetry data to 
the Shuttle Orbiter. From Shuttle the link is RF to TIMkS 
to WSGS. From WSGS, the dita is transmitted via GSFC 
NASCOM to Johnson Space Center (JSC) Mission Control 
Center (MCC). From JSC MCC, Galileo telemetry is stripped 
out and trammitted via GSFC NASCOM to JPL MCCC. 
Alternately, lUS/Galileo telemetry is transmitted via GSFC 
NASCOM to AFSCF, where Galileo telemetry is stripped 
ml and provided through GSFC NASCOM to JPL MCCC. 

For command, the link begins with the lUS Control Center, 
in conjunction with voice communication from JPL MCCC. 
From the lUS Control Center, the link is to WSGS through 
GSFC NASCOM, and then RF to TDRS to the Shuttle Orbiter. 
From the Orbiter, the link is either hardline ji RF (lUS- 
Shuttle Orbiter distance <20 km) to lUS, and finally, to the 
GalSeo spacecraft. For this mode, only a series of eight com- 
mands ("‘discrete commands*') is possible. 

Figures 3 through 1 2 illustrate the above data flow paths 
for the various launch subphases. 
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Random processes wish stationary nth differences serve as models for oscillator phase 
noise. The theorem proved here allows one to obtain the structure function (covariances 
of the nth differences) of such a process m terms of the diff fences of a single function of 
one time varhHe, In tum^ this function can easily be obtained from the spectral density 
of the process. The theorem is used for computing the variance of two estimators of 
frequency stability. 


I. Introduction 

Let the output of a precision oscillator be modelled by cos 
{2jri'Q(f + x(t)] } , where x{t) is a random process representing 
the ‘^phase time"" noise. The most widely used time-domain 
measure of oscillator stability is the Allan variance, defined by 
the ensemble average 

aj(r) = — L £'(aJj:(s)J , (1) 

2r^ 

provided that the expectation exists and is independent of the 
times. Here, L the backward 2nd difference operator, 
given by 

^IfU) = /(/)- 2fU- T)*fU- 2r). 

The theorem given here arose froir. the desire to compute 
the performance of estimators of o^(r). Suppose that jr(r)is 
given on an interval 0 < r < T. Fix r < /'/2, and set 

f(7) - — 
ts/2 


A class of unbiased estimators of <^(t) is given by 

V- reit)w{t)dt, ( 2 ) 

Jjt 


where w(r) is a weighting function (or measure) whose total 
weight on (2r, T) is 1 . Two members of this class are treated 
in Section IV. 

Assume further that is a stationary Gaussian process 
with zero mean and autocovariance function Then iHt) 
is a stationary process with mean <^(^) 3nd autocovariance 
function 2/^^(f). It follows that 

EV = EiHo = oliT), 


VarK= I I 2R\{s- t)wU)w{t)dsdt . (3) 

JlT Jlr 
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Evidently, to compute Var K, we need to obtain 
from the model forx(r). Let us suppose, temporarily, thatx(f) 
is stationary, with autocovarianoe fimction 

R^iO - Cov[jrfs + /),jr(s)l, 

not depending on s. A straightforward computation yields 
£Ajjr(s) = 0, and 

EAlx(s + r)A*ac(s) = (4) 


For modelling oscillator phase noise. It is usually sufBdeiit 
to let jc(t) beltmg to the class of proo^es uimse 2nd diti'er* 
enc^ A^x(r) are stationary. Th^> class includes the stationary 
processes and those with stationary 1st differences. Such a 
process has a two-sided formal** spectral (tensity 
which can have a singularity at <o = 0 that is strmig enou^ to 
make 


= «>. 



where 6^ = central 4th difference operator, also Nevertheless, we always have 

given by 


«;/(0 = At - 2 t ) - m - r) + 6At) - 4At * r) +/(f + 2r). 


/ *" 4 

— ^ — S (o})du) < 


(7) 


The left side of (4) is called the 2nd structure function ofx(r) 
(Refs. 1 , 2). Letting f = 0 in (4), we have 


aj(r) = 4 

as pointed out by Barnes (Ref. 3). Consequently, since 
</?j,(0) = Varx, 


aj(r)< 


8 Varx 


for this class of processes. An examjde is the power-law 
spectrum 


= 


K 


where 1 <p< 5. 

A rigorous theory of th^ processes exists (Ref. 1); basi- 
cally, it shows that one can plunge ahead with the formalism 
from stationary processes as long as the integrals conveige. For 
example, the transfer function of the operator is 
(1 - Therefore, 


2 . V 3 Varx . . ... 

oUr) ^ — (t «>), (6) 

provided /?^(i ) -► 0 (f -► ®®). 

This is for stationary jc(/). On the other hand, for actual 
oscillators a behavior like (6) is observed only for s^U r, 
below 1 s for quartz cr>stal oscillators and 100 s for hydrogen 
maseis. As r increases, the measured Oj^{r) decreases to a 
minimum, then stays constant or increases. Of course, since 
our measurement times are finite, this observation does not 
“prove” that x(r) is nonstationary. A stationary process with a 
huge variance and a tiny bandwidth would explain what we 
see. for we would be looking onlv at a small piece of the 
process. If t were to increase beyond the scale of our observa- 
tions. then o^(r) would ultimately behave like (6) again. 
However, if we want to describe the behavior of jr(/) on 
realistic time intervals, a nonobservable low-frequency cutoff 
only gets in the way. and eventually has to be driven to zero. 
It is mathematically easier to use a nonstationary model from 
the very start. 


£A^x(f + s)A^x(s) 



^r|, . 




( 8 ) 


The extra term comes from a frequency drift component 
cf^/2 in xtf). Letting / = 0, we obtain the Allan variance (I). 
By this method, the theoretical Allan variance has been evalu- 
ated and tabulated (Ref. 4) for5j^(cu)- A/icj|*, k an integer, 
0 < k < 4. (For ^ < 1 , a high-frequency cutoff is provided.) 
Allowing / to be nonzero appears to make (8) more difficult to 
evaluate. Yet. for our estimation problem, we do need the full 
covariance function of the process A^jr(/)- One longs for the 
simplicity of (4), with RjfU) pven by the simple Fourier 
integral 


R (0 = 

jf' ' 





( 9 ) 
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This integral does not exist* however, unless x{t) is stationary 
(or equal to a quadratic polynomial phis a stationary process). 

The theorem to be proved here gives an easily computable 
repkcen^t for valid for all processes with stationary 
differences. Equation (4) is replaced by 


+ f)Ajx(s) = 6^ [2 Re C(f)] + (10) 


where the (nonunique) function C(f) can be computed by two 
different methods. Here is the second method: Choose an 
integer k such that is integrable near cj * 0. Then let 


ar) = /* / e^(iw)*s,(w)^ (11) 

in the upper half-plane Im z > 0. The operator/* instructs the 
user to integrate k times with respect to z. One may then allow 
z to be real. 

Formally, all w^ are doing is differentiating (9) k times and 
integrating k times. It one does this correctly, one easily gets 
valid results for aD the power-law oscillator noise models. 
Although Lindsey and Chie (Ref. 2) give a number of formulas 
that generalize (5), they have to assume that either the ptme 
x(r) or the frequency dx/dt is stationary. For flicker FM or 
random walk FM noise, these assumptions are false. Lindsey 
and Chie do hint at the need for distribution theory in this 
situation. Although our method has obvious connections to 
the analytic representation of distributions (Ref. 5), we use 
only the elementary theory of real and analytic functions to 
arrive at the main result. 


2Re 0(f) 


0 (f>0) 

(t<0) . 


( 12 ) 


This fiinctkn is nothing like the autocovarianoe function of a 
stationary {vocess, yet applying the opeiatw 6^ to it ghm the 
result 

E^s + f) «J) - -L «^(2 Re C(0) 

2t* ' 


ifr 

12 


! (2-r)^-4(l-r)^ (0<r<l) 
(2-r)’ (Kr<2) 

0 (r>2) 


(13) 

(where r « If l/r), wb*ch is a perfectly ^>od autocovarianoe func> 
tion. In {mticuiar. 


olir) = £|V) * f . 

The result (13) can also be derived by expressing ^f) as the 
output of a fSter acting on udute noise. The method given here 
is easier and applies to more general difference operators. 
Moreover, as Section III shows, all of the power-law spectral 
models become equally simple. Previously, the odd powers 
(the ^flicker’* models) were more difficult to handle than the 
even powers. 


To illustrate the theorem, let us consider tne noise caUed 
random walk frequency modulation^ defiried by 
AT/u)^. For this noise, o\{r) is proportional to r (as we shall 
soon see); this kind of Allan variance behavior has been ob- 
served in hydrogen maser frequency standards for r> lO^s 
(Ref. 6). Taking k = 4 in (1 1), wc have 


II. The Re pr e sen tat io n Theorem 

A mean-continuous random procra x(t) is said to have 
statwnary diffmnees if, for each real r, the process 
A^x(t) is stationary (in the wide sense). For such a prucess, 
define the dc coefficient c by 

c ■ lim 1 r ^1x(t)dt 

7w« u/o 


ifi z^ In z ^ 

■T.— 

in which In z is to be analytic in !mz>0. The function 
(z^ In z)/6 is just a particular solution to the equation * 
1/z. Taking In z = In Izl ^ i Arg z in the upper half-plane, we 
get 


(in mean square). 

For applications, we shall assume that the rt^ difference' 
of x(/) are ergodic, so that c is nonrandom. It can then be 
shown that 

cr^ * £A;jc(f). (14) 
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The process x^it) = x(t) - ct"ln\ equals a polynomial of 
degree <n plus a mean-zero process. Associated with x^it) is a 
(two-sided) nonnegative formal spectral density from 

whidi all the covariances of the n^ differences of x(r) can be 
obtained. If x(t) is real, then S^(-to) * 

In connection with these processes, it is convenient to 
inircduce a general real difference operator L that, when 
applied to a function /(t), gives the result 

05) 

V 

(a finite sum), where the are real. Its transfer funcdcm is the 
trigonometric polynomial 

f-O'w) = . 

V 

For example, 

= (i - f^)" 

A difference operator L is said to have order n if its transfer 
function satisfies 

if/)(0) = “ 0 (0 </•<«) . 


L and M have orders / and m, and A » ZJIf, then A has order 
Hm, and 

(0) i(0 (0) 3#<«) (0) 

(/ + !«)! “ /! «! ' ^ 

If I. is given by (IS), then the operator L'‘ (of the same order) 
is defined by 

iV(o = Evo-'p)- 

V 

As we mentioned, an example of order it is Z* - A”, for 
which Anotht^r example, for it -2, is the 

mixed difference operator A^A^s which was used for estimat* 
ing the relative drift rate of a pair of frequency standards 
(Ref. 7). 

We are now set up to give the main result. 

Theorem. Let x(f) be a real process with stationary nth 
differences, nonrandom dc coefficient c, and spectral density 
Let L and M be real difference operators of order n, 
and let A be the difference operator LM* of order 2it. Then, 
the mixed second moments of the processes Lx{t) and Mx(t) 
can be put into the form 

ELx{s + t)Mx{s) = A [(-1)" ^ + 2 Re C(o] , 

(18) 

where the (nonunique) function C(z) is analytic in Im z > 0, 
continuous in Im z > 0, and can be obtained by either of the 
following recipes: 


/,(")(0) » 2 0 • 
V 


Such an operator annihilates all polynomials of degree Ot, and 
reduces the degree of other polynomials by n, as shown by the 
computation 

V V ;=0 


(16) 


rri — 

= E (r)i^H0)r^-' = £(pi<^>(0)f 




/=0 




Recipe 1. Choose an integer k between 0 and 2n such diat 


J cj* *yj^(w) dtj < oo , 


Let C(z) = Cq(z), where 




(Im z > 0). 


( 19 ) 


(Recall that (^) = 0 for / >m.) In particular, Lr" If If A: = 0. then omit the sum. 
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Recipe 2. Gioose it as in Recipe 1 . Defme 


B{i) = I e'"* (M* S^(«) ^ Om 2 >0). (20) 

Jo 

Let C( 2 ) be any A;th integral of R(z) on Im z > 0 (in other 
words, any function such that ~ ^2))- Extend C(r) to 

the real line by continuity. (This is always possible.) 

Remark. The first term in the brackets in (18). when icted 
upon by A, becomes 

^2 ^ ^ ^ ^21) 

Corollary, Let x(t) have stationary nth differences. The 
structure function 

Z>(r, r) = £A"x(s + r) A"jc(s) 

of the process x{t) can be obtained from a function of one 
variable, namely 2 Re C(0» by 

D(t: r) = + (- ir 6j«(2 Re C{r)), (22) 


are the sharp cutoff (1 for |cj| < 0 elsewl^re) and die 

exponential cutoff exp(- |co|/«Oj^). The above noises are called 
random walk FM^ flicker white FM, flicker and white 
PM, (The terra ‘Vhite** will be used even if F is not exactly 
flat near zero frequency.) 

The introduction has diown how to apply the representa- 
tion theorem to random walk FM; let us proceed to the 
calculation of 2 Re C{t) for the other noises. In order to 
express the results in the established notation of the frequency 
and timing L;erature (Ref. 4)» we use the form 

A 

5,(W) « KJiar^ . iC„ * -2-. (23) 


where a high-frequency cutoff F(uj/cJ|^) is also applied when 
a > 1 (PM noises). 

First, let a * 0, - 1, or -2 (white, flicker, or random walk 
FM). Using Recipe 2 of the theorem with k « 2 - a, we have 

(24) 

Since a kth integral of 1 /r is (r*”* In z)/(k - 1)!, we get 


where 


6j» = (6*)" = (- V./, 


j-A+1 

C( 2 ) In r (lmz>0). (25) 


the central difference operator of order 2n, 

These results show tnat 2 Re C(r) contains the same infor- 
mation as about the process x{t). We can regard 2 Re 

CT/) as an analog of the covariance function of a stationary 
process. 


III. Example8forn = 2 

Oscillator phase noise is often modelled by a linear com- 
bination of independent power-la »v noises with spectra 


1 


CO 


4 



I f(u;/co^) 

'J'' 




where f(to/co^) is an inlegiable low-pass power response func- 
tion whose one-sided noise bandwidth is u)J{2n). Examples 


in which the branch of In z must be analytic in the upper 
half-plane. We shall let In t be real for r > 0. Let us examine 
the three cases separately. 

White FM: a = 0,A: = 2. 

C(z)»2^zlnz. 


C(0 


2 Re C(i) 


V 

2x1 


Inr (r>0) 

Inlrl+OT C'<0), 

jo (/>0) 


(26) 
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K. 

C(z) “ — — z* In 2 , 


2ReC(0 


8ir^(l+w*f*) ’ 


which is just because now x(0 is stationary. 


(31) 


2ReC(0 = ^ r^ Inirl. (27) 


Random walk FM. a = -2,i = 4. 

K J 

T'"'’ 

/. „2 (0 (r>0) 

2ReC(r)=— V*{ (28) 

" {-t^ it<0). 

In a sense, the flicker ca&e is easier than the others because 
we don't have to keep track of the imaginary part of In z. 

For handling the PM noises, tl^e exponential cutoff is easier 
to use than the sharp cutoff, and may even be more realistic. 
Let exp( IcjI/cJ;,), where a = 1 or 2. Again 

letting k = 2 - a, we get 


Fractional noises. It is weU known (Ref. 4) that the 
spectrum satisfies a power law5j^(co) where -3 

< or < I , then the Allan variance sattfies another power law 
oj (r) = const • r**, where /i = - 1 -a. When Allan variance 
measurements are made, fractional values of fjt sometimes 
appear over a certain range of r. Thus, we ought to show how 
to use the representation theorem for fractional values of a in 
the range --3 < a < 1. We ^all do this for 0 < a < 1, leaving 
the other cases as an exercise for the reader. Take k « 1. Then 

B(z) = ^1 
•'o 

_ r(g) 

{~izf ' 

r K r(a) 

C(.) = /J/Kz).(-£z) = -3^(-ir)-. 


B{z) 


K / 

a 


k*l 


z + i/w. 


Flicker PM : a=l,k=l. 


(29) 


where the power functions are analytic in the right half-plane 
and positive on the positive real axis. Then 


F(a) sin ( ^ to) 

2ReC(r) = = (32) 

(2n)'""(l-a) 


C(r) = - ^ ln(r + //w ), 
2;r ” 


As a 0, this expression tends to -k^j|rl/4, which is indeed a 
valid representative of 2 Re C(r) for ot = 0. 


2 Re C(f) = ^ In + I /wj) . (30) 

8»r^ 

For the sharp high-frequency cutoff, 2 ReC(f) turns out to be 
j cosine integral 

White PM Q = 2,k = 0, 


IV. The Variance of Two Allan 
Variance Estimators 

Let us return to the estimation problem mentioned in the 
introduction. Recall that phase time jc(r) is given for 0 < r 
Therefore, {(/) = A^jc(f)/(r\/2) is available for 2r < f 
< r. Set m = r/r. Two unbiased estimators of the Allan 
variance ( 1 ) are 


Ciz) = Biz) = ~ ^ 

2jt r + i/cj 


I 


V 


1 

m- 1 


E evr) 


h2 


(33) 
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(m an integer > 2), caUed the r-overlap estimator, and 

1 

^0 “ «*( 0 * ( 34 > 


were computed numerically; the others are in closed f<Mm, 
which, however, we shall not give here. For white PM and 
random walk Bl, the r*overlap formulas agree with those of 
Lesage and Audoin (Ref. 9); for flicker FM, the r-overlap 
numbers agree with Yoshimura’s (Ref. 10). 


(m real, >2), called the continuous estimator, which, although 
it cannot be achieved in practice, represents a limiting case for 
a sample time much less than r. The use of such an 
estimator was suggested by Ho*^ c. Allan, and Barnes (Ref. 8). 

Although the r-overlap estimrun has been used for many 
years, it is reasonable to ask whether the continuous estimator 
has a smaller variance. In other words, il' r^ « r, should we 
average ail the available samples (^(/r^), or should we use only 
the samples $^(fr)? Since the data collection time T may be 
weeks or months, this question is more than academic. 

The answer depends both on m and on the spectrum of the 
phase noise. Assume that x{t) is a Gaussian process with 
stationary 2nd differences and zero dc component c. If we 
know <Sy(iu), then we can compute C(z). By the corollary, the 
autocovariance function of the mean-zero process $(r) is 


The results are presented in terms of “degrees of freedom,* 
defined for a positive estimator Kby 


d.f. 


VarK • 


Given d.f., one sometimes uses the appropriate chi-squared 
distribution for constructing confidence intervals about the 
estimate (Ref. 8). Whether or not this is done, the d.f. remains 
a useful figure of merit. 

In Fig. 1, for the above Uire. noise types, we plot d.f./ 
(m- 1) vs « for and V^. For white FM, is always better 
than V^. For flicker FM, is better than except for 
m < 3. For random walk FM, is better tlian Fg for m < 18. 
Of course, the smaller values of m ate more critical, since d.f. 
is rou^y proportional tom - 1 . 


(2ReC(r)). (35) 

* 2t^ 

As we said in the introduction, the autocovariance function of 
the stationary process is 2R|(r). The means and variances 

of and are now computed straightforwardly: 

=R^(0) . a*(T), (36) 


Var = -L- T (m-1- |/|)/?* (/>) , (37) 
(m-D* ^ 


VarF^=-^ f ' (r,-ltl)Rj(t)dr, (38) 
^2 


where Tj = (m - 2 )t, (Of course, we recognize that is an 
even function.) 

The computations have been carried out for white FM, 
flicker FM, and random walk FM (see Section 111), ail of which 
have been observed in actual oscillators. The flicker FM results 


It may seem paradoxical for F, to be better than Fg, since 
Fg uses all the available data. Both estimators are special cases 
of (2), however; if one looks for the optimal (minimal vari- 
ance) estimator o^ the class (2) (for a given noise type), one 
will probably find that the optimal weighting function w(t) is 
noncoiistant and almost everywhere nonzero. In other words, 
one should use aH the data, but in a nonunifoim way. 

V. Concluding Summary 

Oscillator Stability is usually characterized by the behavior 
of nth order differences of the phase. The theoretical evalua- 
tion, from die phase noise spectrum, of the variam'es and 
covariances of these differences involves messy trigonometric 
integrals, such as (9). The messiness is caused by a (2/f)th order 
difference operator tangled up inside the integral. Our repre- 
sentation theorem breaks the integral evaluation into two easy 
steps. (1) evaluation of a much simpler integral depending 
only on the noise spectrum; (2) application of that same 
difference operator to the result of step (1). 

In effec., the evaluation of these integrals is uncoupled into 
two independent operations. In Section III, we tabulated only 
the result of step (I) (the function called 2 ReC(r)) for all the 
usual power-law oscillator noise models. This short **one- 
dimensionaP table, plus another one-dimensional table of dif- 
ference operators, can generate a two-dimensional table of 
results as found, for example, in Ref. 4. 
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As an application, we examined two Allan variance esti* 
mators Because the iV|/resentation theorem delivers such 
simple closed forms for the required autocovarianoe functions, 
rhe computations were quickly executed by a sample BASIC 
program. The theorem can Jso be used for evaluating the 


performance of frequency drift estimators. In general, we get 
an estimator of frequency drift rate (the dc coefFident c) by 
operating upon oscillator phase with a second-order difference 
ope’^utioK L that need not be of form aJ. Heiv, the fuB 
generality of the theorem is needed. 
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Appemfix 


For ccmvenieiiGe» let first set down an elerocntary esti- 
mate of the Taylor reminder for e': It Re r < 0, it > 1» dien 


i 


e-«“w*S^(w)dw<~, 


*-i j 

e 4 


Izl* 

kl 


(Al) ^ functioa fi(z) ij( Recqie 2 exists and is ana^rtfe in 
lmz>0. Let usnowkx>katC 0 (z)asgivenhiRDcipe Lit wiD 
so(Hi be du>wn that 


This can be obtained from the integral fmm of the lemaincfer. 

In analogy with the usual notatioii for mixed structure 
functions D(t; , r^) (Ref. 1)» denote the left side of (18) 
Z)(r; L, M). Without loss of ^nerality, we can assume that the 
dc coefficient c is zero. Begin with the spectral repres^tation 
of D(t;L,M) as given by Yagloir.: 

• f' 


(a) C^Cz) is contkiwNis <n ha ..>0 and malytic on 
lmz>0; 

(b) C^*>(z) = J(z) for Im z > 0; 

(c) ACo(z)»^(z)forImz>0. 

Asssming (a) • (c), we see that Cq(z) is a mtegral of B(z) 
on bn z > 0; any udier Integra! 0[z) differs from Cq(z) by 
at most a polyncaiial of c^ree < k. Shoe A amiMates d 
polynomials of degree < 2 n, properties (a) • (c) hoM with 
Cq(z) replaced by C(z), and tir: theorem foOows from (A2). 

To prove (a) • (c) denoted the biadceted ejqMessirm in (19) 
by £(z, u>), which sfdits into the two parts 


= 2Re/Uf) . 


where 


A{z) = 





(A2) 


(A3) 


for z = f + iM (i# > 0), and A operates on functions of t. The 
name of the game is pulling A outside the integral. If you do 
this brutally, the integral usually blows up. 


£j(.' u;) 



2f« 

w 

_ ■ 

1 + w*" 


Accordingly, Cq(z) splits into two integrals C|(z) and C 2 (z). 
Since C 2 (z) is the Fourkr transform of an integrable function, 
C^izi is continuous on Im z > 0; on bn z > 0 it is analytic and 
can be differentiated repeatedly under the integral sign. 


Since the spectral density always satisfies 



^2n 

S 

! * 


Differentiating £, repeatedly and applying (Al), we get the 
bound 


£,(z,u;)< 

dz** ' 


_J g*-P M* 

1+w2"(*-pV ’ 


(A4) 


(Ref. I), the integer k specified in Recipe 1 exists. Wc can 
alwa>:i take ^ = 2n; it is often possible and desirable to use a 
smaller k. If k-0 works, then S^(u)) is integrable, A comes 
outside the integral in (A3), and we are done. In this case, 
Clz) * A(z). and ,tt/) is a polynominal plu.s a stationary process 
whose aul(Kovanance funct:on is 2 Re Qt), 

Assume k ^ \ . Smec. for si! w > 0. 


valid for 0 < p < Im z > 0, Iz I < tf. The right side of (A4) 
times 5 ^((a;) is integrable. Therefore, the function C|(z), on 
the domain Im z > 0, can be differentiated k timet under the 
integral sign. In particular, C^{z) is continuous on tnis domain. 
This proves (a), and shows that Cq( 2 ) can be differentiated k 
times under the integral sign on Im z > 0. Doing so gives (b). 
Property (c) is true because A annihilates polynomials of 
degree k - \. The theorem is proved. 


46 



1182 32535 


TDA Piagwss Rapait 42*70 


May amtJune 1082 


PPM Demodulation for Reed-Soloim Decoding 
for the Optical Space Channel 

O. Divsalar^ R. M. Gagliardi, and X H. Yuen 
Communicatto n s Systems Res ea rc h Section 


Opticd conmmmcaikms over space channds (satdlise-to-sat^lise or deqhspace-to- 
rekty-sateUite) are commorUy desiffsed as pube^sitkm-moduiated (PPM) kxr Unks 
When coding is needed to improve the link performtmce^ it is advmt^etms to use 
ReedSohmon (RS) block codes over die PPM frames to obtam the largest degree of error 
correctiorL Since RS codes can correct both symbol errors and symbol erasures^ a 
question arises as to the best way to demodulate the PPM laser fields in order to generate 
the input symbols for die RS decoder. The rnethod selected for demodulatmgfcoriverting 
the received laser field to digital symbols) wi8 define the erasure md transmitted symbols 
of the laser link, and therefore wiB determine dw wend error probabilities of the system. 
In this paper, sevaal possible demodulating schemes were considered, and the effect of 
each on RS decoding performance was computed This computation was carried out for 
various optical receiver models, and required fairfy lengthy manerkal andym to deter^ 
mine accurate word error probabilities whm the RS code lengths are long. It is shown 
that simpk threshold decisiorang of pulse slots wiB produce performance that degrades 
as the background noise increases. Thu is caused by the gerreration of too many erasures 
for the RS decoder by handle. We propose a decision scheme, delta-max demodulation, 
wkkh offers improvement over threshold deciskming by redefining the generation of an 
erasure. 


I. Introduction 

In this paper we study the Mmy optical pulse-position- 
modulation (FPM) communication system shown in Fig. I. 
Source bits are encoded into channel symbols from an Mmy 
alphabet, which are used to ^erate a PPM laser pulse 
sequence. The optical pulse is transmitted to the optical 
receiver and photodetected. The i^otodetector produces ran- 
dom count variables for each slot corresponding to a Pf^ 
frame. The count variables are converted back to channel 
symbols for the Reed-Soiomon (RS) decoder. The latter pro- 
vides error correction capability for decoding the source bits. 


A question arises as to how the observed |^oto<tetected counts 
should be converted to diannel symbols so as to obtain the 
best RS decoding performance. This report addresses this 
questiim. 

If no RS encoding is used (the source bits are directly 
blocked into PPM symbols), maximum likelihood decoding, 
using the counts as observables, requires a maximum count 
selection for each PPM frame, with a ran^^om choice «imo' 
any count ties (more than one maximum count). If tlie re. ' 
ing error probability is not low enough, coding irusi be !i^ j 
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to mprove performttice, with the source bits first encoded 
mto chfimel words* then the words sent as pulses. 
coding is inserted, it is no longer obvious th^t the maximum 
likelihood frame dedaonmg is opthnd, sinoe U does not aflow 
for chauiel symbol erasures. When background noise is ne^igi- 
bk, it has been argued (Refs. 1*2) that matched RS cocfing 
appears as a natural encoding scheme, since only channel 
erasures can occur, and RS decothng has maxiinal capabOity 
for correcting erasuies. Tte RS code size is selected to match 
tlw mi frame size (ch^ind alphabet size) and raaximnro 
count demodulation is used, with dl ties mterpieted as era- 
sures. the ooiseless case, an erasure can occur only if a FfM 
signaling slot prcxiuces no counts. 

When badsi^uiid noise is present, converskm of cmmts to 
channel symbols wil invdve errors as weD as erasures. The 
number of erasures that w31 occur w31 depend on how the 
conversion defines an erasuie. Since RS decoding can omect 
more erasures than errors, a question thm arises in determin- 
ing the best way to dlocate erasures aid errors by proper 
seJection of the cmiversion rule. In the fdlowing sectr^ms we 
examine several conversion algoriihins and the resultant per- 
formfticB of each when operating with background noise aid 
RS decoding. This performance wiU depend on the moifel of 
the photodetectoi t^d in the optical detection receiver. If a 
high gam* ideal photomultiplier tube is assumed for the photo- 
detection, the count variables are Poisson distributed widi 
mean values dependent on the received field durmg that slot. 
If a htdt-gain random photodetector is assumed, die counts are 
m<^ nearly discrete-Gaussian distributed, centered around the 
mean multiplied count, with a variance dependent on the 
detector excess noise factor. In each case the postdetection 
thermal noise can be neglected. 


m. P(^siMtCotm0ng,&-UaxDefflodidalion 

Consider a Poassoo count raodd and S-oux deraodniatkin 
for geaenting the RS symbols. In optical FfM caamuoiea- 
tkm, ewiy log,^ btnuy data bits me tiansmittad by piaciitg 
so opticil lif^t pube ffloae of tfae If desagaatadpabe AMs. If 
slots constitute a FBI ftame (Ref. 3). Thus eadi ptdae r^fa. 
seats a symbol, depmdiiig on its pube skM locatkm. Tbew 
logjilf bmaiy bits theiafore cone^tood to a Read^Sdomaa 
(RS) symbol. At the FFM opticd lecener. a idiotodMectar 
counts the number of photons in each dot. Let the Af phtMan 
counts conespond to the if time dots. Let n be a 

vector with (BmenskmAf with dements iif. Then die pnMd* 
ity of leoetemg n givea a {udM is sent hi/di time slot b (note 
it/s are independent FobsoB dbtfflwtad landom miaita) 


F(nU/) 






n 

1=1 


B.! 


(I) 


vdieie iC, is the average number of received photons per FBI 
frame and AT, b die average number of backpound noise 
photons per skM. We notice that the expected number of 
photons we reodw in the siptal slot b AT, + AT, and the 
expected number of {dtotons in other slots each b AT,. We set a 
level A > 1 and we make a tentative decision fm sig^ send m 
the/th dot if for smne/ 

>AVr#/ (2) 


P(nUp 

/KnUf) 


H. Count-SynriMi Convsrsion Rules 

In this study we consider two difTerent methods for ctxi- 
verting the observed photodetected counts to chaimd symbds 
and erasures, ihe methods differ primarily in die way a 
symbol decision is made and the way in which an erasure is 
defined. The methods are labeled as threshold demodulation 
and delta-max (5-max) demodulation. In threshold demodula- 
tion a threshdd y is set, and any count above y is called a 
pulse and a count below y is called a zero. A symbol dedsicxi 
is made only if a single pulse occurs in a PPM frame, selecting 
the symbol corresponding to the pulse locaticm. All other 
situations are defined as an erasure. This sequence of frame 
decisions is then fed into the RS decoder, bi 6-max demodula- 
tion, a symbol is selected (Hily if no other count is within 6 of 
the maximum count. Otherwise an erasure is (kclared. Note 
that both these methods have the advantage that the number 
of erasures can be controlled by adjustment of the parameters 
y and 6. 


and make no tentarive dedsion (erasure) otherwise. Equation 
(2) Is equivalent to 

In p(n|sp > hkA + to /s<ot5^) V i (3) 

Redefine 



for some 6>0. Then using (1) in (3) we get equivalently 

n^>6+n^ V/#/ (5) 

Hence the maximum count test in (5) is equivalent to testing if 
the likelihood ratio in (2) is suitably large. The correspmiding 
demodulator structure is shown in Fig. 2, with decirion rule 
given in (5). 
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We wish to fmd expressiofis for the probability of correct 
detection of transmitted signal the probaoility of incorrect 

detection of transmitted signal P^^ and the probability of no 
tentative (fedskm (erasure) Pg. ^ will correctly detect the 
true signal slot / corresponding to transmitted laser pulse if 
(5) s true. The probability of this occurring is 

P^ = Pit {n.>n^ >#i^ + 6, . . . > 11 ^^ +6, 

* 1 . >«.,,+ 6 ..... up 

= 2 ^ {n,<*- 6 Vi^/Up/V {n^.-*|sp 


By change of variaUe we get 



Clearly the probability of no tentative decision (probability 
of erasure) is 


~ ra-s-i nai-i 

= E Z Pos{k,K^*K^) (6) 

L #=0 J 


“ * ^c~^s 


(12) 


where 

PcsU.X) (7) 


A Reed'Sdomon code of code Idock JV » A# • 1 and infor- 
mation block K can produce a correct code word if s the 
munber of decoder input symbol enors and e the number of 
decoder input symbcd erasures satisfy die foOowing relatkm 


By change of variable we get 


2s+e<AT- A+l (13) 



(S) 


On the other hand we make an incorrect decision if for a given 
transmitted pulse in /th time slot, for any 1 ^ /, we have 


From this relation we note that the RS code cap correct twice 
the number of erasures than the number of symbol errors. It is 
for this reason that we have tried to introduce some soft 
decisions at the demodulator in ortkr to produce more era- 
sures. Of course, if we expand the region of no hard decisions 
in the decision region by too large an amount, the number of 
erasures will increase in a given block code, and the RS 
decoder will not be able to correct tliem. 


n.>n^^6Ym^i (9) 

Then 

P„ - Pt {ft. >n + 5 V m ^ I, any i # / U,} 

= (jl#- n f>’ {«„ < 1 : - 6 V m *i\s,}Pr {«. = *Up 

- r/k-A-I -|M-2 

= W - 1 ) z Z posu.kA 

L f=o J 

52 + •Pos^k.K^^ (10) 

;*o J 


For the RS co<k three events may occur. The first e^nt 
occurs if the number of error and erasure symbols satisfies 
(13), f >r which the decoder can correctly decode the code 
word, and therefore the informatitm block. The secemv *ent 
occurs when (13) is not satisfied, and the combinatic 1 of 
symbol errors and symbol erasures is such that the received 
code block resembles a code signal other than the transmitted 
one (ie., the received code block is closer to some other code 
signal than the transmitted code signal). 

In this second event the decoder errs, and gives an incorrect 
decoded code word. The third event is a complement of the 
two above events. In this third event, the decoder fails to 
decode and produces the undecoded channel symbols and 
randomly decides on erasures. For large M the probability of 
the second event, for the practical range of interest is usually 
very small and can be ignored. The probability that the incor- 
rect code word is selected by the decoder, /\^(RS), is (Ref. 4) 
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N N-s 




j=0 e=Q 

where 

q = /i»Er(7V-i!:+l- 2 s, 0 ) 
and the bit error probability P^(/S5) is 
N M-s 

z z 

j=0 e=Q 


(15) 


AT 

'.«««• 5^, z z(X-’im 




(16) 


in a time dot. the inointniity of correct im agnal detectitm 
is 

'c ■ 

Hie probability of incorrect detectira is 

= (M- 1)(1 -P^(l -/*^)C (18) 

and the probability of erasure is 

For the Fbisson channel 


Equation (16) has been numerically evaluated for die 
Foissm charmel. We omsideied three classes of RScodes: the 
(2S5J27) code with code rate 1/2, the (255,191) code with 
code rate 3/4, and the (255,223) code with code rate 7/8. 
These codes are matched to a FBI frame with M - 256 slots. 
For each case we (dotted Pfj(RS) in (16) versus for various 
and several values of 6 . The results are shown in Figs* 3 
through 8 . We see that the performance degrades as the nmse 
count increases and as the correction capability of the RS 
code decreases. In addition, performance is uniformly 
improved as 6 is decreased, with best performance occurring at 
5=0. This corresponds to a maximum likelihood decision on 
each ITM frame with all maximum ties denoted as erasures. In 
other words, there appears to be no advanta^ in widening the 
erasure definition for these parameter values. 


IV. Poisson Counting, Threshold 
Demodulation 

PPM threshold demodulation with Reed-Solomon decoding 
has been studied for the case of extremely low background 
noise* and thermal noise (Ref. 4). Here we examine the high- 
gain photodetector case so that the Poisson Counting Process 
is a valid model. In threshold demodulation, we set a threshold 
7 and count the number of received photons in each slot. We 
then compare each number with 7 : if it exceeds 7 , we claim 
signal detection in that time slot. If it does not, we claim noise 
detection in that time slot. We can detect the transmitted 
signal correctly only if in one of the slots the number of 
photons exceeds 7 , while in all other slots it does not. Then If 
denotes the probability of signal detection in a time slot, 
and denotes the probability of correct detection of noise 


*Only dark current was assumed in Ref. 4 and can be treated as 
extremely low background noise. 


ds kl 


k=y*t 


/> = V — 


-A 




( 20 ) 


( 21 ) 


Equations (17)-(21) can again be used in (16) to evaluate 
pe brmance. The numerical cmnputatitm has been carried out 
for i • code and count parameters as in the previous 

section, and the results superimposed in Figs. 3 to 8 . The 
thresholds were set at 7 = 1 and 2 counts, while 7 - 0 cone- 
sponds to no threshold (any observed count was considered a 
pulse). We see that performance with threshold demodulation 
also degrades with noise count and decreasing code capability, 
but is much m<»e sensitive to ndse levels. In particular we 
note a severe degradation when no threshdd is used and the 
nmse increases from 10^ to 10~^ counts. Note that in aC 
cases the 5-max procedure, with 5 is uniformly better 
than the threshold tests, although the two perform similarly if 
the noise count is low enough. Also note that in Figs. 3, 5 
and 7 the optimum threshold 7 changes with 


V. Gaussian Counting, 5HMax Demodulation 

When nonideal phutodetectors are introduced, the count 
statistics no longer are Poisson. Although piimaiy (diotoelec- 
trons released from photoemissive surfaces are usually 
governed by Poisson statistics, secondary electrmis generated 
via multianode secondary emissimis, as in photomulti[dier 
vacuum tubes or by avalanche photodetectors (APD), gener- 
ally produce more symmetrical distributions. The later distri- 
butions can often be modeled by Gaussian-shaped distri- 
butions (Refs. 5,6). 
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Let the PPM slot int^^tiofis generate the sequence of 
Mcondaiy count vaiiaUes n,, i ■ 1 jV.wtieie the mean and 


variance of n/s are as follows; 


Hie conespondtng demodulate structure is as shown 
2, widi decision rule given in (28). 


Ins^alslot/: w, * 


. a* -C»F(JC, + V (22) 


In noise slot i : E {«,} • 


{nf>y/S*kf V/^/Isp 


^ Pr{n,<y/i^ 


» *ISy} 


^ . oj . C'FK, 


whm C is the photomultiidier or APD gain and F denotes its 
excess note factor 


»>>/r Lo<K>/ir-« 


Let n be a vector with dimension M with elements Then 
die probability of receiving n given that a pulse is sent in the 
/th time slot is 


Pi^Ui)‘-j=e W-=e 

V2iro? »=« VSiroJ 


k^i 


where and C| are normalization factors. 

We again set a level A > 1 and we make a tentative decision 
for signal sent in the /th slot if for some / 


P(nUp 

P(nl\) 


‘ ; I«0.1 


and Cf is a normalization factor, such that 


2 ■ ' 


Similarly 


>A Vivt; 


and maice no tentative decision (erasure) otherwise. Equiva- 
lently, 


Redefme 


In p(n |jp > InA + In p(n |s^) V t # / (26) 


A * exp [6(oj - oJ)/2oJ(J^] 


= /V Vm ^f,any f *^/l5y} 


(*- '> 2 [ 2 ^ 

*>\/6 Lo<K>/k*-« J 

•| I] ^.0) I 


for some 6 > 0. Then using (24) in (26) we get equivalently 


and fuially 


n, > >/6 + n* V«vt/ (2; 


/*£ ® • ~Pc~^S 
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since G is very large for numerical computations we can 
^>proximate summations in (29) and (32) by integrations, 
llien weget 



0.5 Erfc(jr/>/2) (36) 


Equation (16), with (33), (34), and (35) inserted, gives the 
performance for the photomultiplier or APD case. Results of 
*he computation are shown in Figs. 9 through 1 1 for 6>max 
demodulation. Each 6-m: : curve has been optimized at each 
value of Kg by adjusting 6 for minimal (RS). 
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W. Gaussian Coufitiiig, Thfeshold 
Osmodulation 

Here demodulator ccmcept is the same as disct&sed in 
Section IV. We can use results of Section IV» but replacing 
andP^ with 






(38) 


Again approximating summations by integrations we get 




Numerical results using (37) « (40) are included in Figs. 9 
through 1 1, ft again foOows that uniformly better performance 
occurs with 5-max demodulation over threshold demodulation. 


Conclusion 

This paper proposes a delta-max demodulator for Reed- 
Solomon coded M-ary PPM modulation over an optical com- 
munication channel. This delta-max demodulator is compared 
with the threshold demodulator which is currently in use. 
Both of these demodulators have identical performance in 
the absence of background noise. As the intensity of back- 
ground noise increases, the delta-max demodulator outperforms 
the threshold demodulator. Also, the higher the code rate, 
the more advantage the delta-max demodulator has. 
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A Parallel VLSI Architecturefbr a Digital Filter of Arbitrary 
Length Using Fermat Number Transforms' 

T. K. Truong 
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In th& paptr a pamilel architecture is devehped to compile the linear convoiutkm of 
two sequences ofarbitraryl^tgths using the Fernmt number trmform(FNT). Jnpartku- 
hr a pipeline structure is desigrsed to compute a 128-point FNT In this FNT^ ordy addi- 
tions and bit rotatkms are required, A standard barrel shifter circuit is modified so tha* it 
performs the required bit rotatkm operatiorL 


The overiq^sare method is generahzed for the FNT to compute a linear convolution 
of arbitrary length, A parallel ^^hitecture u developed to realize this type of overlap-save 
method using orse FNT and several inverse FNTs of 128 points. The generalized overly 
save method idkviates the usual dynamic range limitation in FNTs of u transform 
krtgths Its architecture is regular, simple, and expandable, ami therefore tlly suit- 
able for VLSI mplementatiorL 


I. Introduction 

Fermat number transforms (FNTs) were developed to com- 
pute cyclic convolutions (Refs t -3). A cyclic convolution of 
two sequences can be obtained by taking the inverse FNT of 
the product of the FNTs of these two sequences. 

FNTs over certain transform lengths have the advantage 
over most number theoretic transforms in that no multiplica- 
tions are required. McClelland (Ref. 4) designed a hardware 
systc*.i to realize a 64-point 17-bit FNT that used commer- 
ciall> available ECL 1C chips. For this purpose he developed a 


*This work 'fcas supported tn part by the JPl Director’s Discretionary 
I und. 1 YS2 


new bin:uy number representation and the binary arithmetic 
operations modulo a Fermat number (Refs. 4, $). The Fermat 
number transform can be applied to digital filtering (Refs. 2.3), 
image processing (Refs. 6, 7), X-ray reconstruction (Ref. 8), 
and to the encoding and decoding of certain Reed-Solomon 
codes (Refs. 9, 10). 

In this paper, a parallel architecture is designed to realize a 
digital filter of arbitrary length using the FNT. In Section II, a 
pipeline structure is used to compute a 128-point FNT. Only 
additions and bit rotations are required in this structure. The 
bit rotation operations are implemented by a modification of 
a standard banel shifter circuit (Ref. 11). In Section HI, the 
ovcTlap-save method is generalized to compute the linear con- 
volui.^ii of a digital filtering system. Then a parallel archi- 
tecture is designed to realize the generalized overlap-save 
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method udi^ one FNT and several mveise FNTs of 128 
points. The ctrciiit design of an FNT butterfly m given in the 
Appendix. 

n. A Parallel Slnicluie for Computiiig a 
128-Point FNT 

Let F, - 22^ + 1 bethetdi Fennatauinl>erwheeer>O.F, 
is a prime number for 0 < r < 4. Let (x„) be a JV-point 
sequence of integer numbers, where 0 <x„ <F, - l, 0 <n< 
N - I, and iV is a power of 2. The Fermat number transform 
{Jlf^}of {x„} over is defined as foOows: 

iV-l 

JT^5 2 x„o"*(modF,) . (1) 

w=0 

where 0 < - 1 and a is an ^th root of unity. That is. 

N is the least positive integer such that = 1 (mod F^). The 
cormponding inverse FNT is the following: 

Jk=0 

( 2 ) 

In order that a cyclic convolution can be computed by the 
FNT pair in Eqs. (1) and (2), N depends on the F, and a 
chosen (Refs. 2. 3). More details of an FNT can be found in 
(Refs. 2 and 3). 

In this paper a, and N are selected specifically to be 
Fj - 2^^ + 1, y/2y and 128 respectively. That is, the data of 
this FNT are integers between 0 and 2^^. Hence 33 bits are 
required to represent a number. The tninsform length of this 
FNT is 128. In an FNT over F,, the quantity >/ 2 ^ represents 
the integer 2^'*^ (Refs 2, 3). For r = 5, OTce 2^^ = 

-1 (mod Fj), >/2 = 2^^ - 2® * 2^^ 2^. A conservative value 

of the dynamic range (Ref. 12) is 2**. This value 

is sufficiently large for a number of applications. 

Since the FNT has a mathematical algorithm similar to the 
FFT. an FFT-type structure can be applied to perform a fast 
FNT. Figure 1 shows a pipeline structure (Ref. 13) for com- 
puting a 128-point FNT over Fj. The radix-2 dccimotion-in- 
timc (DIT) technique is used in this structure. The structure 
for performing ar averse FNT is the mirror image of the cir- 
cuit shown m Fi, 1 if the radix 2 decimation-in-frcqucncy 
(DIF) technique is used. 

In Fig. 1 z'f denotes a /-step delay element, which can be 
realized by a set of / first-in-first-out (FIFO) registers. The 


symbols dia^am and operations of a NT FNT butterfly are 
shown in Fig. 2. The dea^ c. Mmn* butter^ is gNan in 
the Appenrhx. A similar DIF FNT butterfly wa$ de^nod in 
Ref. 4. 

InRg. l.Sll^iisashuffle-eiudiangesvdtclioontftdledby the 
ctmtrol signal 5^ for 1 < i < 6 . The operations of theSRf|aie 
shown in Hg. 3. The 5/s can be mi|deiiiented sinqi^ by a 
6 -stage up-counter if no buffer regsters are used in the FNT 
butterflies (Ref. 13). With the buffer registeis hi fl» butte- 
flies^ <^y etements are needed at the outfnits of the counter, 
as ^own in F%. 4, for the (uirpose of synciiromzatioii. 

In the next section the overkp^ve method (Ref. 13) is 
generalized to imidement a digital filter of ariuOaiy tengfli 
using FNT and several tnv;:fse FNTs of 128 pohits over 
Fj. Then a paraltel VLSI architecture is designed to realize this 
overtap-save method using the FNT structure designed above. 

m. A Digital FHterArchltectiire of 
Length Using the FNT 

In the previous sectimi F^, a, and N are chosen to be F^, 
>/ 2 , and 128 respectively. N - 128 is the maximum transform 
length over F 5 (Refs. 2, 3), and 2^^ is the dynamic range. One 
could incre^ the transform length by dioosing F^ for r> 6 . 
In so doing, however, at least 2^ 1 - 6 S bits are required to 

represent a number. Alternatively, one could use a specific a, 
where a is not a power of y/2, over F 3 or F 4 to increase the 
transform length, in such a case a complete multi{rticattcHi is 
required. In addition, the dynamic range is used up readily. To 
remedy this difficulty, the overlap-save method is generalized 
to compute the lineal convolution of a digital filter of arbi- 
trary input data and filter lengths. A parallel architecture is 
developed to realize this generalized overlap-save method uang 
the 128-point FNT structure designed in the previous section. 

Let {x^} and be the input and filter sequences of a 
digital filter, respectively, where 0 < n < /V • 1 and 0 < m < 
M- \ . The output sequence iv^} of the filter is the linear con- 
volution of {x^}and {h^},whcreO<^<7V + /l#- 1 (Ref.13). 
It is shown (Ref. 13) that such a linear convolution can be ob- 
tained by computing a cyclic convolution. For purposes of 
exposition it is assumed that V * 1024 and M * 256 in the 
following argument. 

In order to use 1 28-point FNTs to jompute }, four 
128-point subfilters {hj,}, and are formed 
by partitioning (A^) as follows: 

0<m<63 
” i 

(0 tor64<m<127 (3) 
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for 1 < I < 4. Next the ovedap^m method (Ref. 13) is used 
to compute the linear convolutioa 0^} of and {^}by 
using the cyclic convohitioo technique^ where 1 < f < 4 and 
0<k< 1087. To accomplish this is secticmed into 128- 
point subsequences with 64 points of {x^} overlapped be- 
tween two consecutive subsequences. That Is {x^} is aectumed 
into {*»,} - {xj,} - {x^}, . . . . tx**}- 

when 0 < N < 1023 and 0 < n < 127. Then Oi). fra 1 < 
I < 4, is computed by overlapping the cyclic convolution of 
and for 1 </< 15 using 128-point FNTS. Finally 
the output sequence for 0 < Jb < 1024 -f 256 -1 « 1279, 

results evidently from 0^} for 1 < i < 4 by the foOowing 
equation: 

yit "yl^yl ^yl * yt 
’ *yl * (j'e" *yt *■*” 

The relationship between and {kI) for 1 < i < 4 is illus- 
trated in Fig. 5 Other cases of the generalized overlap-save 
method are constructed in a similar manner. 

In Fig. 6 is shown the block diagram of an architecture for 
the geitf ralized overlap-save method of a digital filter using cme 
FNT and four inverse FNTs of 128 points. In this system the 
DIT and DIF techniques are used for the FNT and inverse 
FNTs, respecdvely. In the ^neralized overlap-save method, 
one of the two outputs of the inverse FNT butterfly in the last 
stage is not needed. Hence, the inverse FNT butterfly in the 


last stage b a deg en erative butterfly ctoitt, nd die defay 
ekmants associated udth dds butteiSy drcuit m not aoodad. 
1heM*s in 6 are die FNTt of (A|^}.The(l/iV)fi»torbi 
Eq. (2) b hioorporated into tte These can be 
precomputed and stored hi the system. The dMm in Fig. 6 
perform nonnd hkiaiy addidofis, not aMttioiis nmdidoF^ 

The advantage of the generaliaed overlap-save method for 
iroplementtng a digitd filter using FNT tnnsfonns m the 
following: (l)It lequiies no multi|rikations. Only addidoas 
a. i bit rotadmis are needed. (2) It a&viates the usual dy- 
namic range limitation for long sequence FNTs. (3) It utfliaee 
the FNT and inverse FNT circuits 100% of the time. (4) The 
lengths of the input data and fflter sequences can be arbitrary 
and different. 


IV. Conclusion 

A pipeline structure b developed to cornfmie a 128-point 
Fermat number transform. In thb 128-point FNT, only addi- 
d<His and bit rotations are required. A barrel shifter dicuit b 
modified to perform the multiplication of an integer by a 
power of 2 modulo a Fermat number. The overlap-save 
method b generalized to ccMnpute the hneai convolution of a 
digital filter with arbitrary input data and fSter lengths. An 
architecture b developed to realize thb generalized overfap- 
save method by a simpk combination of me 128-point FNT 
and several inverse FNT structures. Thb realization alleviates 
the dynamic range hmitaUmis of the FNT with a long trans- 
form length. The architecture b simple and regular, and hence 
suitable for VLSI implementation. 
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Appendix 


In this appendix a circuit is do^signed to implement a DIT 
FNT butterfly shown in Fig. 2. A similar DIF FNT butterfly 
was designed in Ref. 4. To efficiently perform the FNT, num- 
ber representations have been proposed (Refs. 4, 5) for binary 
arithmetic operations modulo F,. The diminished- 1 represen- 
tation proposed by Liebowitz (Ref. 5) is used in the following 
design. Let A be represented by [^32 ^31 ... Jq), where 
0 < i4 < 2^^ and is the fth bit of A, Table A-1 shows the 
correspondence between decimal numbers in a normal binary 
representation and their values in the diminished- 1 representa- 
tion. The most signiflcant bit (MSB) 0^2 viewed as the 
zero-detection bit in the diminished-1 representation. 

Two basic binary arithmetic operations modulo with 
a = \/2 are addition and multiplication by a power of 2. Other 
operations can be expressed in terms of these two operations. 
In the following, some details of these operations are described 
briefly. More specifics can be found in Ref. 5. 

(1) Addition: Let S +R. lf>4 =0, then5=^5. If^ = 0, 

then S = A. If neither A nor B equals 0, add [a3| 
fljo . . . Aj a^] and [b^i ^>30 • • • 

plement the carry and add it to the previous sum. This 
yields 5. 

(2) Multiplication by a power of 2: Let ^ = i4 • 2^. If 
w4 = 0, then B = 0. If ^4 # 0, left rotate [a3j . . . 

Aq) Cbit positions, but complement the v^ue of bit 
31 when it is rotated to bit position 0, and set b ^2 ~ 


(3) Negation: Since 2^^ s -i (mod -^4 » 4 • 2^*. 

Hence if i4 ^ 0, » [ 2^2 ^31 ^30 - * ^1 ^ol ^ 

denotes the complement of a^,U A ^ 0, then •A » 0. 

(4) Multiplication by >/2: Since \/2 = 2^^ + 2^,^4 *>/2® 
A • 2^^ ^A ^ 2^®. 


(5) Multiplication by a power of >/2: Let B *4 * (>/2)^- 
If C is even, then B = A • (2)^^. If C is odd, then 
B^(A >/2)-2<^“»)/^. 

In Fig. A-1 is shown a block diagram of an FNT butterfly 
shown in Fig. 2. In this design, 4, S, D, and E are 33-bit data, 
and C is the 7-bit exponent nk in Eq. (1). Two realizations of 
an FNT adder can be found in Ref. 4. Figure A-2 shows a pass- 
transistor full-adder, which requires less silicon area. The mul- 
tiplier in Fig. A-1 is used to multiply a number by a power of 
2 modulo F5 . Figure A-3 shows a block diagram of this multi- 
plier. The shifter in Fig. A-3 is a modification of a barrel 
shifter (Ref. 1 1) for performing bit rotation operations. 

For purposes of illustration, consider the simple FNT over 
Fq = 2 't* 1. In such an FNT butterfly the functional table and 
circuit of a modified barrel shifter are shown in Fig. A4, 
where the inputs are [b^ and [$3 $2 S| Sq], and the out- 
puts are [6| . 
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Table A>1. The cornMpondtnce among decimal numbers, thalrvakiM^ the normal blnafyraprssafit«tion« and in ttie 

dimlnlaliacki repieaantation 


Normal binary representation Diininished-l representation 


number 


®31 

So 


s 

s 

s 

Sa 

"31 

^30 


"2 

"l 

"o 

0 

0 

0 

0 

. . . 

0 

0 

0 

1 

0 

0 

... 

0 

0 

0 

1 

0 

0 

0 

. . . 

0 

0 

1 

0 

0 

0 

. . . 

0 

0 

0 

2 

0 

0 

0 


0 

1 

0 

0 

0 

0 

• ’ • 

0 

0 

1 

2^^-2 

0 

1 

1 


1 

1 

0 

0 

1 

1 


1 

0 

1 

2’^-l 

0 

1 

1 

. . . 

1 

1 

1 

0 

1 

1 


i 

1 

0 

232 

1 

0 

0 


0 

0 

0 

0 

1 

1 

... 

1 

1 

1 
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The Vl^ Design of a Reed-Sokmion Encoder Using 
Berlekamp’s Bit-Seriai Multipiier Aigorithm 

T. K. Truong and L. J. Deutsch 
Communicetions Systems Research Section 

i. S. Reed, i.-S. Hsu, K. Wang, and Yeh 

Universtty of Southern California 


R, Berlekamp htfs developed for the Jet Propul^on Laharutory a bit-serwl 
multiplication algorithm for the encoding of ReetJSohmon(RS) codes, usttg a dual basis 
over a Galois field. The conventional RSencoder for long codes often requires hoknqf 
tables to perform the multiplication of two fiM elements. Berkkamp*s algorithm 
requires only shifting and exdusiveflR operations, it is shown in this paper that the new 
dual-basis (255, 223) RS-encoder can be realized readily on a single VLSi dtip with 
NMOS technology. 


I. IntroducUon 

A concatenated Reed-Solomon/Viterbi channel encoding 
system has been suggested both by the European Space 
Agency (ESA) (Ref. 1 ) and JPL (Refs. 2, 3) for the deep-space 
downlink. The standard RS-encoder design developed by JPL 
assumes the following codes and parameters. 

Let GF{y”) be a finite field. Then an RS code is a sequence 
of the symbols in GF\2^). This sequence of symbols can be 
considered to be the coefficients of a polynomial. The code 
polynomial of such a code is 

C\x) = (0 

wnere t GF\2^h 
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The parameters of an RS code are summarized as follows: 

m = number of bits per symbol 

« * 2"* - I ® the length of a codeword in symbols 

t - maxiimim number of error symbols that can be cor- 
rected 

(/ = 2/ + 1 = design distance 

2t s number of check symbols 

k = n ’ 2r » number of Lifonnaticn symbols 

In the JPL design, m * 8, w * 255, r « 16,(/* 33, 2/ - 32, and 
k = 223. This code if the (255, 223) RS code. 



The generator potynomial of an RS code is defined by 

2t 

Kjf) “ (jf 
/=a 

where b is a nonnegative integer, usually chosen to be 1 , and 7 
is a primitive element in GfXZ*"). In order to reduce the com- 
plexity of the encoder it is desirable to make the coefficients 
of g(x) symmetric so that gfor) = giMx). To accomplish 
this b must be chosen to satisfy 2h+J-2 = 2'”- 1. Thus for 
the JPL code h* 112. 

Let I{x) = C 2 fX^^ and/\x)» 

Cq ♦ r,x t • • • + ^ informatiem polynomial 

and the check pdym>mial, rt:mectively. Then the encoded RS 
code polynomial is represented by 

C{x) = /lx) + Fljr) (3) 

To be an RS code (\x) must be also a multiple of g(xY That is, 

(\x) = q(x)g(x) (4) 

To find P{x) in Eq. (3) such that Eq. (4) is true, divide /(jc) 
by ^x). The division algorithm yields 

/(x) = q{x)g(x)^r{x) (5) 

Also let ffx) = -f\x), then by Eq. (5) 

<7(x)^x) = /(X) ' r{x) = /(X) 4 P{x) - C\x) (6) 

Figure I shows the structure of a /-error correcting RS 
enci^dcr over 6Y\2'" ). In Fig. I for 0 < 1 < 2/ - I and Q are 
m-bit registers. Initally all registers are set to zero, and both 
switches (controlled by a control signal SL) are set to posi- 
tion A. 

The information symbols ' ' ' • ^2r 
division circuit of the encoder and also transmitted out of the 
enanier one by ono The quotient ci^efficienis are generated 
and loaded into C> register sequentially. The remainder coeffi- 
cients are computed successively. Immediately after is fed 
to the circuit, both switches are set to pi>sition B. At the very 
same moment is computed and transmitted. Simulta- 

neously, IS being computed and U>aded into register f . 
0 < / < 2/ 2. Next are transmitted out of the 

encoder one by one. t retain their values because 

the content of Q is set to zero when the upper switch 1$ at 
position B. 


The complextty of the desigp of an RS encoder results from 
the compuution of products for 0 < f < 2l - 2. These 
comfHiutions can be performed in sevml ways (Ref. 3), 
Unfortunately none of diem is suited to the pipdine pro- 
cessing stnictures usuaBy seen in VLSI desipi. Pnoendy» 
Beriekamp (Ref. 4) devdoped a bit-ser^ multiplier dgoritlan 
that has the features needsd to solve this proUem. P er l man 
and Lee (Ref. 5) diow in detail die madiematkd basis for 
this algorithm. In th^ paper Bettekamp*s mediod is applied 
to die VLSI design of a (255, RS-encoder, vddeh can be 
hnidemented on a sin^e VLSI di4>- 

N. Bertekamp’s Bit-Serial MuMpllsr 
Algorithm Over C^(2») 

In order to understand berlekamp’s imdtiplier algorithm 
some mathematical prelimhianes are needed. Toward tfiis end 
die madiematical concepts of the trace and a comjdeinentary 
(or dual) basis are introduced. For more detaib and proofs see 
Refs. 3. 4 and S. 

Definition I : The trace of an element d belonging to 
GF(p^). the Galois field ofF" elements, is defined as foOows: 

m-l 

*=0 

In particular, for p = 2, 

m-l 

7>(« - 2 (^)2* 

The trace has the foUovring properties 

,1) iTn^I" M * Triff), where 0 e 

GF\p"'). This implies th»» 7>(|J) e GP(p)' i.e., the trace 
i« on the ground field C/ );.’) 

(2) 7>(^ + r) = 7>0S) + THr). where U. r c GF{p’^) 

(.3) Tr(c(S) * cT>03), where c e GP(p). 

(4) 7H1) = m(piodp). 

Lh juution 2\ A basis {/j,] in GF[p"') is a set of m linearly 
independent elements in GF[p^ ). 

Definition J-. Two bases (m/; and (X^) are said to be com- 
plementary or the dual of one another if 

( 1.:;;-* 

( 0 . / * 
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The basis {|i/} is calfed the origiiial basis« and the \msto {\} is 
called die dud basis. 

Lemma: If a is a root of an intductbie polyiKmial of 
degree m in then {a*} forO<^<ffi - lisa basis of 

GP(p^). The basis {a^}forO<^<m- 1 is called the nonnal 
or natural basis of Gflp^y 

Theorem I (Theoran 19 in Ref. 4): Every basis has a 
complementary basis. 

CoroOary /: Supposes the bases {m,} and {Xj^} are comple- 
mentary. Then a field element 2 can be expresi^ in the dual 
basis {XjJ by the expansim 

^ ■ E * L 

where is the ^th coefficient of the dual bads. 

Proof: Let r = ^ " ^ ^ i^m-r 

both sides by a* and take Ae trace. Then by Dcf. 3 and the 
properties of the trace. 


IHra*) = Tr V V*>) = ^ ^ ^ 


The toUowing cor llar>' is an immediate consequence of 
CoroUao’ 1- 

Corollary J: The product w = zy of two tield eiemems in 
GF{p^) can be expressed in the dual basis by the expaiudon 

m- t 

H- = 5 ] Tr{:yn^t\ 

where Tr(zy^f^) is the ^th cocff»cient of the dual basis for the 
product of two field elements. 

These two corollaries provide a theoretical basis for the new 
RS-encoder algonthm. 


ill. A Simple Example of BerMcamp’s 
Algorithm Apfrfied to an R$*Encodar 

This section foUows the treatment in Ref. 3. it is included 
here for two purposes. First, Ref. 3 is not readily '■vailabic for 
most readen. Second, this example is mclud'^d to illustrate 
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how Berldcamp^s new Mt^eeilai multipiier al^orittm can be 
used to realize the RSencoder stricture ptesanted in Fig. 1. 

Consider a fl5, 11 ) R^lcod. over(7F(2^) Forth^codt,m 
* 4, If » 15, r » 2, d« 2/ + 1 * 5‘* and n - 2r » 1 ! infonnatton 
symbols. Let a be a root of rtie primitive irreducible 
polynomial /(jr) I over (rf{ 2 ). a satisfi^ » 1 . 

An element : in Cft2^) is representable by 0 ore/ for some/, 
0</< 14 . 1 can be represented also by a poiynasnialm a over 
Gf{2y This is ^le repiesmtatkm of Gf{2^ ) in the nonnal 
basis {o*} for 0 <3. That is, z * 4 - 41 ^ 0 *^** 3 ®^* 

wtere € 6F{2) for 0 « < 3. 

In Table 1 , the first colunui is the index or logarithm of an 
element in base ou The logarithm of the zero element is 
denoted by an asterisk. Columns 2 to 5 show the 4-tuples of 
the coefficients of the efemeots expressed as polyncmuals. 

The trace of an element z in GF{2^) is found by {)cf. 1 and 
the propertks of the trace to be 

TR(z) = i4^7KI) + Ujrr(o) + iij7>(cr^) + i#37>(a^) 

where 7>(1) = 4 (mod 2) = 0, 7V(a) = 7>(a^) * o + + 

a* = 0 and 7>(o^) * + 0 ? xhus 7>(r) * Uy 

The trace element in GF(2^) is listed in column 3 of 
Table 1 . 

By Def. 2 any set c tcnir linearly independent elements can 
be used as a basis for the field GF(2^y To find the dual basis 
ot ihe normal basis lo/} in GF{2^) let a field element i be 
expressed in dual basis {X^, X X X^}. From Corollary 1 the 
coefficients of 2 are ~ 7>(zo*) for 0 < ^ < 3, Thus * 
7>(r), Zj = 7>(zo), Zj = 7>(zo^) and * Tilxa^). Let r *c/ 
for some L 0 < f < 14. Thus a coefficient Zj^, for 0 < ^ < 3, of 
an element z in the dual space can be obtained by cyclically 
shifting the trace column in Table I upward by k positions 
where the first row is excluded. These appropriately shifted 
coiumn:> of coefficients are shown in Table I as the last four 
columns. In Table 1 the elements of the dual basis, X^, X^ , , 

\y are underlined. Evidently X^ = , X^ = X^ * a and 

- 1 are tlie four elements of the dual basis. 

In order to make the generator poly nomialg^x) symmetric 
b must satisfy the equation 2b ^ d - 2*2"*- J. Thus h * 6 
for this code. The 7 in Eq. (2) can be any primitive eLment in 
GF{^). it will be shown in Section IV that 7 can be chosen to 
simplify the binary mapping matrix. In this example let 7 * 0 . 
Thus the generator polynomial is given by 

9 4 

*U) - fl (X - o') * ^ 

/-6 i -0 


(7) 
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“f, *o* and^j »o. 

Let be expressed in ttienoimal basis {l.a,a*.ot’).Letz, 
a field eieiiient, be expressed in the dual basis; i.e., z * -t- 

*1 * *3^3' * **** products zj, for 0 < I < 3 

needs to be computed. 

Since , it L necesaiy to compute only zg^, zg^ and 

zgj. Let the products for C < i < 2 be represented in the 
dual basis. By CorroUary 2 zg^ can be expressed in the dual 
basis as 


^0 


n*> (z)' 


3 

•z 

Tf^ (r) 


k-0 

Tf^ (i) 

L * J 


where 7^** (z) = 7H??/**) is the *th coefficient (or *th bit) 
of for 0 < i < 2 and 0 < * < 3. 

The present problem is to express 7\**\z) recursively in 
terms of T^^^~*\z) for 1 < * < 3. Initially for k = 0. 


To compute (xf /or k > 0, obaem that T}*H.x) • 
TWazkiO*'') * Hence Tf^\x) is obtained from 

7^*"‘^z)by leplacmg zbyy «or.Let«»y»y^X^+y,X, 

< 3. Then isobttined by teplacb)|z^ by^^e 

•THitt)**,.*, byy «7K»»*)“V»jbyyj 
andZjbyy3*7K«<^*7><z(a+ l)|>*i^ + z,. 

To recapitulate zg, » Tf^\ * Tf^^\ * ^r^s» 

whereO<i<3«idz»Z0X0 + r,X, +ZjXj+ZjX 3 , can te 
computed by Berlekamp’s bit-serid midt^her a^soiithm as 
follows: 

(1) Initially for * * 0, compute r^®*(z), 7***^(z)and 
if Hi) by Eq. (10). Also rf >(z) * rj®>(z). 

(2) For * * 1, 2, 3, compute tJ*^(z) by 

7^*><z) « 7^*-»(y) 

where 0 < r < 3 and y * «* * % X^^ ♦ y , X, '•'.rjXj ♦ 
yjXj withy^»z,,y, =Zj.y, *Zj andy, -z^ + z, » 
Ty, where 7^ ^ is the feedback term of the 

aigorithm. 


r<®> (z) 




7>(zo®) 


V 

T<®> (z) 

= 

7>(rf,) 


7>(zo^) 

= 

^3 

r<®> (z) 


7>(zg,) 


7>(zo) 


Z, 


(9) 


where TR(zo^) = Tr((z^\^ ^2^2 ^ 

< / < 3. Equation (9) can be expressed in a matrix form as 
follows: 

r<®> (z) 

r<®> (:) 

r<®‘ (D 
u 


10 0 0 


0 0 0 1 


0 10 0 


( 10 ) 


The above matrix is the 3 X 4 binary mapping matrix of the 
problem. 


The above example illustrates Beriekamp’s bit-serial multi- 
plier algorithm. This algorithm developed in Reft. 4 and 5 
requires shifting and XOR operations only. Br^lekamp'i dual 
basis RS-encoder is well-suited to a pipeline structure which 
can be implemented in VLSI design. The same procedure 
extends similarly to the design of a (2SS, 223) RS-encoder 
oyerCf(2»). 


IV. AVLSIArchitectur»ofa(255,223) 
RS-Encoder with Dual-Basis MutiipUar 

In this sectitm an ardiitecture is designed to implement 
(255. 223) RS-encoder using Beriekamp’s multiplier algorithm. 
The circuit is a direct mapping from at encoder using 
Beriekamp’s bit-serial algorithm as developed in the pieviow' 
sections to an architectural design. This architecture can be 
realized quite readily on a single NMOS VLSI chip. 

Let GF(2*) be generated by a, where a is a root of a 
primitive irreducible polynomial f{x) » x* + x’ + x* + » + 1 
over GF{2). The normal basis of this field is (1, a, . o*. o^, 
a*, a®, a^}. The representations of this field in both the 
normal basis and its dual basis are tabulated in Appendix A. 
From CorroUary 1 the coefficients of a field element a/ can be 
obtained from z^ * 7>(af'’*) for 0 < k < 7, where o/ « z^X^^ 
+ • • • + From Table A-1 in Appendix A, the dual basis 
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{^ 0 * ^1 ’ ’ ‘ ^ ooimd basis is the ordered set {a ?^ , 
C|203^ ^202 ^ ^ a^OO, 0 >^’. 0 >®® }. 

It was mentioned previoudy that 7 in Eq. (2) can be chosen 
to sim(dify the binary mapping matrix. Two binary matrices, 
one for the primitive element 7 = a* • and the other for 7 = a, 
were computed. It was found that the binary mapping matrix 
for 7 = had a smaller number of W Hence this binary 
mapning matrix was used in the design. For this case the 
generator polynomial g(x) of the RS-encoder over GF{ 2 ®) was 
given by 

143 32 

?(jc) = fl (jc-q"o = (11) 

/= H 2 1=0 

wherejo=^,j = l.^r, =^j, =gj„ = «*’ • «3 = <^29 

= <»“. #4 = ?28 = Ss = ?6 =#26 = #7 = 

# 2 S =«”'-#8 =#24 =«”#9 =#23 =®“# I 0 =#22 = 

#: 1 = #21 = «‘ ’ ' #12 = #20 = #13 = #19 = «“• #14 = 

# 18 =®'™-# 1 < m 7 =«*’"><* #16 =“^'* 

The binary napping matrix for the coefficients of the 
generator poly i .)mial in Eq. (11) is computed and shown in 
Appendix B. T’ c feedback term in Berlekamp*s algorithm is 
found in thi^ ise to be: 

T^. = Tr (a«z) = 7>((a’ + + a + l)r) = z,, + r, + + z, 

(t2> 

In the following a VLSI chip architecture is designed to 
realize a (255, 223) RS-encoder using the above parameters 
and Berlekamp’s algorithms. An overall block diagram of this 
chip is shown in Fig. 2. In Fig. 2 VDD and GND are power 
pins. CLK is a ci^>ck signal, which in general is a periodic 
square wave. The information symbols are fed into the chip 
^rom the data-in pin DIN bit-by-bit. Similarly the encoded 
codeword is transmitted out of the chip fr n the data-out pin 
DOirr sequentially. The control signal LM (load niode) is set 
to I (logic I) when the information symbols are loaded into 
the chip. Otherwise, LM is set to 0. 

The input data and LM signals are synchronized by the 
CLK signal, while the operations of the circuit and output data 
signal are s> nchronized by two non overlapping clock signals 
To .avc “.pace, dynamic registers arc used in this 
V of a 1-bit dynan^ic register with reset is 

r, u mg diagram of CLK, 01, 02. LM, DIN 

^ It !n Fig. 4. The delay of DOUT 
o the input and output fl in-flops. 


Figure 5 shows the block diagram of a (2SS, 223) 
RS-encoder overCF(2^) uaing Beriekamp*s bit-serial multiplier 
algorithm. The circuit is divkted into five units. The circuits m 
each unit are discussed in the foDowingr 

( 1 ) Product Unit: The Product Unit is used to compute 

r„. . 7*0. This circuit is realized by a Program- 

mable U^c Amy (PLA) circuit (6] . Since 

Tf - Fjq, ■ ■ ■ . r*is ~ r, 7 .only 7y> Fj, , ■ ' ■ , F ,7 nd 
T '.6 are actually imi^mented in the PLA circuit 
Fq, • • • , Fgj are connected directly to , * * • , T^j , 
respectively. Over other circuits a PLA circuit has tte 
advantage of being ea^ to reco. . i igure. 

(2) Remainder Unit: The Remainder Unit is used to store 
the coefficients of the remainder during the dhrisiOR 
process. In Fig. 5, for 0 < i < 30 are 8 -tit tiiift 
registers with reset. The addition in the circuit is a 
modulo 2 addition or £xclusive-OR operation. While 
C 32 is being fed to the circuit, C 31 is being omiputed 
and transmitted sequentially from the circuit. Siroid- 
taneously is comimted and then loaded into 5^ for 
0 < I < 30. Then , * * * , are tranaritted out of 
the encoder bit-by-bit. 

(3) Quotient Unit: In Fig. 5, Q and R represent a 7-bit 
shift register with reset and an 8 -bit shift register with 
reset md parallel load, respectively. R and Q store the 
currently operating coefRcknt and the next coefOctent 
of the quotient polynomial, respectively. A logic 
dia^am of register R is shown in Fig. 6 . is loaded 
into R every ei^t clock cycles, where 0 < r <7. 
Immediately after all 223 information symbols are fed 
into the circuit, the control signal SL change to 
logic 0. Thenceforth the contents of Q and R are zero 
$0 that the check symbob iii the Remainder Unit 
sustain their values. 

(4) I/O Unit: This unit handles the input/output opera- 
tions. In Fig. 5 both anc are flip-flops. A pass 
transistor controlled by 01 b inserted before F^ for the 
purpose of synchronization. Control signal SL selects 
wiiether a bit of an information symbol or a check 
symbol is to be transmitted. 

t5) Control Uni?: The Control Unit generates the necessary 
control signals. Thb unit is further divided into ^ 
portions, as shown in Fig. 7. The two-phase clock 
generator circuit in Ref. 6 is used to convert a clock 
signal into two nonoverlapping clock signals 01 and 02. 
In Fig. 8 b shown a logic diagram of the circuit for 
generating control signals START and SL. Control 
signal START resets all registers and the divide-by -8 



counter before the encoding proofs begins. Control 
signal U) is simply generated by a divide-by-8 counter 
to load the into the R*s in parallel. 

'ince a codeword contains 255 symbols^ the computation 
of a complete encocted codeword requires 255 ^>ymbol 
cydes.** A symb(d cyde is the time interval for execiiting a 
complete cycle of Berkkamp*s algorithm. Since a symbol has 8 
bits» a symbol cycle ccmtains 8 '‘^btt cydes.** A bit cycle is the 
time interval for executing one step in Beikkamp^s algorithm. 
In this design a bit cycle requires a period of the clock cycle. 

The layout design of this (255, 223) RS-encoder is shown 
in Fig. 9. Before the design of the laymit each dicuit was 
simulated on a general-purpose ccanpuicr by using SPK^E (a 
transistor-level circuit lumulaticm program) (Ref. 7). The cir- 


cuit requires about 3000 transistors^wfafle a ssmflarjn. design 
require 30 CMOS 1C diips (Ref. S). This RS-mx>der derign 
win be fabricated and tested in the near future. 


V. Condudiiig Remarks 

A VLSI structure is developed for a Reed-Sdomon encoiter 
using Beiiekamp*s bit-serial multiplier algoritimi. Tim struc- 
ture is both regular and simple. 

The ciicuit in Fig. 2 caa be modified easily to encode an RS 
code with a different field representation and different param- 
eters odier than those used in Section IV. Table 2 shows the 
primary modifications needed in the circuit to change a given 
parameter. 
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Tahiti. fl i p i iMiii a Honi ci ala m a ma ow Offg*) 
Qanaialadliya* s a 1 


Power 

/ 

Elements in 
normal base 


Elements in 
dual base 

« 

3 2 10 
a a a a 

0000 

0 

Vi*a*3 

0000 

0 

0001 

0 

0001 X3 

1 

0010 

0 

0010 Xj 

0100 X, 
1001 

2 

0100 

0 

3 

1000 

1 

4 

0011 

0 

0011 

5 

0110 

0 

0110 

6 

1100 

1 

1101 

7 

1011 

1 

1010 

8 

0101 

0 

0101 

9 

1010 

1 

1011 

10 

0111 

0 

0111 

11 

1110 

1 

nil 

12 

nil 

1 

1110 

13 

1101 

1 

1100 

14 

1001 


1000 


Tabla2. The primary nmliflcations of thaanoodar circuit 
in Fig. 2 n aa dad tochangaaparamatar 


Parameter 
to be changed 

The value 
used for 
the cucuit 
in 1 ig. 2 

New 

V2*ue 

The cucuits of Tig. 2 
that require modification 

1 Generator 
poly nomial 

N (8) 

gu) 

The PLA of the Product 
Unit needs to be 
changed 

2. The finite 
tiekl used 



AU registers are m4>it 
resistors, except is a 
im - lH>it register. A 
dividc-by-m counter is 
used. (The generator 
polynomia! may not be 
char 4 tcd.) 

3 Irro:- 
correctmg 
capability 

16 

r 

2t~2 shift registers are 
required in the Re* 
ma.ndcr Unit. (The 
generator polynomial is 
also changed.) 

4 Number ot 
intormation 
s> mhols 

223 

k 

None IS changed, since 
A IS implicitly contained 
in the control signal LM 
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Appendix A 


In this appendix all 2S6 elentents in CF(2^) are listed in Table A-1 . These Held elements are expressed in both the normal basis 
and its dual basis. 
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The binary mapping matrix for 7 - of the (255, 223) RS-encoder is given by 
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Povirer Combining of Semiconductor Lasers: A Revieer 
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The subject of power combmmg of sentkonductor lasers is reviewed. Sevend methods 
of coherent powa^ combining are desmbed and comptned A compmson is also made 
between coherent and incoheratt power combining, and important operational dunacter- 
istks are considered. It is found tfmt in cormnunkation links with demamiing require^ 
ments coherent power combining is necessary. 


I. Introduction 

The growing interest in optical communications for free 
space applications (e.g., deep space, intersatellite links) 
(Refs. 1'3) has increased the need for appropriate li^t emitting 
sources. As discussed in an earlier report (Ref. 4), semiconduc* 
tor injection lasers are excellent candidates for this application, 
particularly because of their very long lifetimes, high efficiency 
and small size and wei^t. Their drawback is that in hi^ 
power (about 1 watt average) applicaticms, a sin^e device 
cannot radiate all the power needed in a stable radiation 
pattern and frequency. In the above-mentioned report (Ref. 4) 
and in subsequent ones (Refs. 5, 6), several aspects of solving 
this problem via mutal jihzse locking of several lasers through 
overlapping Helds were analyzed. 

It is the purpose of this report to review the general prob- 
lem of power combining of semiconductor lasers by coherent 
and incoherent methods. Section II compares several methods 
of coherent power combining, namely mutual coupling (dis- 
cussed before), injection locking and amplification. Regenera- 
tive ampliHcation is also mentioned. The various methods are 
briefly described and then compared on the basis of several 
important operational characteristics, such as locking range. 


power efficiency, thermal considerations, reliability, mono- 
lithic implen^tation, realization of two-din^nsional con- 
figurations and the need for additional components. It is 
found that all the ct^rem methods are similar in their pnd>- 
terns and performance, although ccdierent amplificatmn mi^t 
be somewhat better. Section 111 compares cohereat and 
incoherent power combining. Again the two methods are 
briefly descrftied and then compared on the basis of the spatial 
and spectral chaiacteristics of their resulting radiation. It is 
found that although incoherent power combining is easier to 
im|dement, the rignifleant advantages offered by coherent 
power combining seem to justify the additional efforts needed 
to realize devices based on these methods, especially in systems 
whose designs impose stringent requirements on beam direc- 
tivity and optical background noise immunity. 

II. Comparison Between Mettods of 
Coherent Poww Combining 

In this section three methods for coherent power combin- 
ing, namely mutual coupling, injection locking and amplifka- 
tion are discussed. The schematic configurations of these 
methods are shown in Fig. 1. The common feature of all these 
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methods is the establishment of some coherent interaction 
between all the elements of the array. 

In the case of mutual coupling (Fig. la)» no laser hi the 
array has a privileged status. There is a certain amount of 
coupling among the lasers, which, un<kr certain conditions, 
results ir. their syndironization.This method has been analyzed 
(Ref. 5) and demonstrated (Refs. 4, 6). In particular, it was 
found that phase4ocldng requires that the following inequality 
be appioximately satisfied: 


Ccriierent amplification (Fig. Ic) is sfanSar to i nj ecttei lode- 
ing: in both cases there is a master laser-osdnator. However,in 
the case of coherttit amplificatioo, the elemmits of tte array 
are only gain*elem^ts (Le., ampHfiers) without feedback. 
(This is accomplished by coating the laser mirrors with anti* 
reflection coating thus uUminathig its feedback medianfem.) 
U^t generated in the master laser-oscillator is s{^t and fed 
simultaneously into all the gain elements^ where a tiavdlhig* 
wave amplification is employed. amidifled outputs of the 
amplifiers are automatically phase-locked (proviited, ot course, 
that the output of the master oscillator is coherent ove* its 
near-field pattern). Amplifkation in semkonductois has been 
analyzed (Ref. 10), and the operation of oohermtly mnpHfied 
GaAs homojunction devices has been demonstrated (Ref. 1 1). 


dM is approximately equal to the rms deviation of the lasers* 
oscillation frequencies from the ^center-of-mass** frequency 
ci>^ of the array and ( is a dimensionless parameter describing 
the strength of the coupling interaction (Ref. 5). In the case 
of coupling due to field overlap of lasers wliich are in close 
proximity, ( can assume in AIGaAs lasers the maximum 
value of (Ret. 5). 


Ill 


max 


8 • 10 ~'* 


( 2 ) 


where is the distance between individual lasers of the array 
in micrometers. Coupling due to other mechanisms (e.g., 
diffiacdon) is also possible. 

Injection locking of lasers (Fig. Ib) is obtained by similar 
physical mechanisms. In this case, however, there is a master 
laser osciUator. Portions of its emitted radiation are coupled 
simultaneously into aU the other lasers in the array, forcing 
them to oscillate at its frequency. There is no coupling among 
the lasers in the array and ifb coupling from the array back 
into the master laser. Injection locking was analyzed in elec- 
trical oscillators (Ref. 7) and in lasers (Ref. 8), and has been 
experimentally demonstrated in lasers (Ref. 9). The condition 
for injection locking of two lasers can be expressed as (Ref. 7): 


2 


^0 



( 3 ) 


where Ao; is the difference between the (radian) frequencies 
of the master laser and the array element laser, is the 
electric field strength of (he master laser oscillator, 6 is the 
fraction of it that is coupled to the array element laser who^ 
electric field strength is £, and the figure of merit of its cavity 
isG- 


An intennedmte case between tiyection4ocking and wJier- 
ent amplificatioft occurs when the gain efements in the array 
do have some amount of feedback, but it is insifficient to 
produce lasiag; i.e., they operate as regenerative amidifieis 
(Ref. 12). Since the added compkxity in imptementing thb 
method (the regenerative amplifier has to be oiased very 
accurately just below the lasing thr^old) does not yield 
improved performance over either r^ular amplification or 
injection locking, it will not be further considered here. 

Schematic configurations of the above methods are shown 
in Bg. 1. In the following paragraphs they are compared from 
the aspects of locking range, power efficiency, thermal conrid- 
erations, reliability, monolithic : jtementation, realization of 
two-dimensional configurations and the need of additional 
components. 

A. Locking Ftange 

We are cemsidering the problem of the range of frequencies 
Acj/cJq over which phase4ocking can be maintained. In the 
case of mutual locking (Eq$. 1 , 2), ai^d for lasers that are 
spaced about ^ 5 iyon apart, the result is 2 I ^ 

3 • 10"^. For injection locking (Eq. 3) withf^ 
and 5 - 0.1, we obtain 2 I I ^ 10*^. Since the actual 

requirement for |rfiase4ocking in the case of mutual coupling 
can actually be somewhat more stringent than the one ex- 
pressed in Eq. (1) (Ref. 5), both methods have basically the 
same locking range. (This result applies also in the case of 
regenerative amplifiers.) 

B. Power Efflciertcy 

Under optimized conditions, all the coherent phase4ocking 
methods basically have the same power efficiency. The reason 
is that the photon density distribution in semiconductor lasers 
that are optimized for power efficiency is very similar to the 
photon density distribution in ravelling wave amplifiers 
(Ref. 13). Second-order differences between the methods 



result from different coupling losses among the lasers or 
between the masteidaser oscillator and the rest of the array. 

C. Thermal Considerations 

One of the problems in mutual coupling is that the lasers 
have to be put in dose proximity (several micrometers) to 
one another so that sufficient coupling will be established 
among them (Ref. 5). This aggravates the problems of removing 
excess heat generated in the laser junctions and ohmic con> 
tacts. This problem can be mitigated by employing 
injection-locking or amplification, since in this case no 
mutual coupling has to be established among the elements 
of the array, and thus they can be placed further apart. 
However, doing that presents two new problems. First 
problem is that of efficient coupling from the master-laser 
to the array. Thus there is a tradeoff between thermal 
performance and the number of elements that can be 
locked, and the optimum configuration must be found in 
each case. The second problem is that as the array elements 
are further apart than in the mutual-coupling case, the 
increased separation causes the radiation pattern of the 
array to have more grating sideiobes (see next section). 


G. Additional Components 

In all the coherent methods a phase-shifter in tandem with 
each array element is reeded so that the individual phases 
(which are locked, but not necessarily at the desired values) 
can be modified to yield the desired radiation pattern. In 
addition, when employing injection locking or coherent 
amplification, there is also a need of optical isolators so that 
light that IS generated by the array elements will not be coupled 
back into the master laser and thus interfere with the overall 
operation of the array. Such isolators can introduce some addi- 
tional losses in the coupling from the master laser oscillator. 

Before concluding this section it is important to note that 
the choice of the optimum method depends on the overall 
system parameters. Since there is no single coherent power 
combining method with decided advantages over the others, a 
detailed comparison between the coherent power combining 
method has to be carrieo cut in any case of a particular system 
design. However, all other things being equal, it seems that the 
coherent amplification method is somewhat better than the 
other methods, delivering essentially the same performance 
without having to satisfy the additional and rather stringent 
requirement for synchronization of two (or more) oscillators. 


D. Reliability 

The mutual coupling approach is potentially more reliable 
than the other approaches since the performance of the entire 
array can, in principle, be desi^^ned in such a way that it is not 
criacaliy affected by a failure of a single element. In the case 
of either injection-locking or amplification, failure of the 
master laser-oscillator means failure of the wnole array. How- 
ever, since the reliability of semiconductor laser devices is 
adversely affected at elevated temperatures, the actual advan- 
tage of the mutual coupling method can become insignificant 
because of its potentially inferior thermal characteristics. 


E. Monolithic Ifnplementatton 

Because of their simpler configurations, arrays based on 
mutual coupling are somewhat more amenable to monolithic 
integration than arrays which use injection locking or coherent 
amplification. 


F. Realization of Two-Dimensional Configurations 

This parameter is important for achieving reduction of the 
far-field pattern of the array in both directions (see next 
section). Generally, arrays based on injection locking or on 
coherent amplification can be more readily arranged in two- 
dimensional configurations (with a probable penalty of 
increased losses in the coupling from the maser laser). 


III. Comparison Between Coherent and 
Incoherent Power Combining 

In this section a comparison between coherent and inco- 
herent methods of power combining of semiconductor lasers is 
carried out. In order to review the basic differences between 
the two approaches, a simplified one-dimensional analysis is 
first presented. 

Assume a set of M identical lasers at locations {d^} - I, 

2, . . . iV . The near-field pattern of each laser (i.e., the field 
distribution at its output facet) is denoted by S{x)e^n 
where and <t> are the field amplitude and phase, respectively. 
The near-field of the whole array is thus given by 

Af 

( 4 ) 

n^l 


In the case of coherent power combining, the 0„'s in 
Eq. (4) are fixed nui. '•'s. The far-field intensity distribu- 
tion of the array (i.e., us radiation pattern), is approxi- 
mately given by (Ref, H, 1 5) 





( 5 ) 



where 9 is the far-fleid angle and ^{<>} denotes a Fourier- 
transform operation. 

In the case of incoherent power combining, the ^„*s in 
Eq. (4) are random variables. We can assume that over all the 
relevant time periods, the random fluctuations of the 
are fast enough so that the cross terms that appear when 
calculating the intensity average to zero (for example, even 
wavelength separation of lA at X-1 ran corresponds to 
30 GHz, which is much faster than typical detector band- 
widths). The far-field intensity pattern in this case is 

/^(«) = IJ«'{ <?(x)} cos 6 1^ (6) 

As expected, no cross-interference terms are present, and the 
far-fleld pattern of the incoherent anay is an amplifled version 
of the far-fleld pattern of its elements. 

In the following paragraphs a comparison between coherent 
and incoherent power combining of semiconductor lasers will 
be made. In two important aspects, namely, improved radia- 
tion pattern and spectral distribution, coherent power com- 
bining has a significant advantage over incoherent power com- 
bining. Several advantages of incoherent power combining will 
also be presented. 

A, Far-Field Pattern 

From Eq. (5), which describes the case of coherent power 
combining, it is anticipated that by a judicious choice of the 
and adjustment of the 0^*s, the resulting beam pattern 
can become narrower, in a similar fashion to microwave phased 
arrays. The reduction of the angular extent of the beam 
pattern is an impoitant feature of coherent power combining, 
since narrower beams make the task of subsequent beam nar- 
rowing foi high-directivity free-space transmission much easier. 
(It should be emphasized that two-dimensional arrays are 
needed to obtain a reduction of the far-field beam pattern in 
both the horizontal and vertical planes.) 

As a simple illustrative example, we describe the near-field 
profile of a single device by 

U| <a 

/(X) = (7) 

( 0 Ul >a 

The incoherent far-field intensity pattern is calculated from 
Eqs. (6) and (7) to be 

^ ^0 ^ X 

where sinc(Z) = (sin Z)/Z. The far-field intensity of the coher- 
ent array is calculated in a similar fashion from Eqs. (5) and 
(7). For the case of 0 "^0 and d = « • J. the result is 

rt ft 



Ttie distributions described by Eqs. (8) and (9) ate shown 
in Fig. 2a for the following values of parameters: X * 0.9 /im, 
a^2iJm,d-9 10. 

Hie three important features of the far-fleld patterns, as 
deduced from Eqs. (8), (9) and shown in Fig. 2a, are: 

(1) The intensity of the radiation in the forward direction 
{B » 0) is increased by a factor of Af by using coherent 
instead of incoherent power combining. 

(2) Under the same conditions, the angular extent of the 
forward direction radiation lobe is reduced by a factor 
o{(Md/2ay 

(3) Coherent power combination is accompanied by the 
presence of grating lobes. Some of the problems of 
energy waste and pointing ambiguity associated with 
them can be mitigated by randomizing the locations 
of the array elements (Refs. 16-18). A calculated 
example is shown in Fig. 2b. All the parameters of the 
array are the same as before, but now the location of 
each element is randomly distributed within ±2 im of 
its deterministic location. (In the case of mutual coupl- 
ing, sufficient coupling should be maintained also in 
the new random locations.) It is clearly seen that the 
level of sidelobes is significantly reduced. The improve- 
ment increases with the number of elements of the 
array and with the amount of randomization allowed 
in their locations. 

B. Spectral Characteristics 

Semiconductor laser materials have wide gain linewidths, 
and thus they can support lasing modes over the range of 
many angstroms (Ref. 19). When we have an incoherent array 
of lasers, then even though each of them has an (almost) iden- 
tical spatial oeam pattern, the lasing wavelength will differ 
from one laser to another, due to minor differences in their 
lengths, curicnts, etc. In order for the receiver to collect all 
the spectral content (i.e., energy) of the received signal, a wide 
optical filter has to be used, with the unavoidable consequences 
of admitting more background radiation noise into the system. 
Systems employing phase -locked arrays, on the other hand, 
can use much narrower optical filters at the receiver - pro- 
vided, of course, that the array elements and the array itself 
oscillate in a single longitudinal mode (i.e., a single spectral 
Mne). Single longitudinal mode operation has been demon- 
strated in many types of laser diodes (Ref. 20) and in laser 
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diodes placed in external cavities (Ref. 21), and it is con- 
ceivable that when these diodes are used as elements in the 
array, it will oscillate in a single longitudinal mode. The 
narrower optical filter baiiawidths which can be used in 
conjunction with coherent arrays can result in a significant 
reduction (up to several orders of magnitude) in the amount 
of background noise radiation detected by the receiver. 

It is also worthwhile to mention some practical considera- 
tions pertaining to the use of operation of optical filters. 
Although the inherent laser linewi.'th is very narrow - less 
than 10^^ A (Refs. 20, 22) - such narrowband optical filters 
cannot be implemented yet. As of today, the best demon- 
strated filters have bandwidths of the order of 10^* A 
(Ref. 23). They can also be electronically tuned, which is 
necessary for compensating wavelength drift due to dop- 
pler shifts and temperature variations at the transmitter. 
(AlGaAs semiconductor injection lasers have wavelength 
temperature variations of the order of 0.5 to 4A/K.) 

C. Advantages of Incoherent Power Combining 

Incoherent power combining is much easier to implement 
than coherent power combining, and that is its basic advantage. 


No effort has to be made in order to synchronize the lasers, no 
external optical components (e.g., phase-shifters, isolators) 
are needed for the array implementation, the thermal perfor- 
mance is potentially better, and two-dimensional configura- 
tions are easier to construct. The design of an incoherent 
array is free from the many constraints imposed by the require- 
ment of phase-locking. However, although incoherent power 
combining is easier to implement, the significant advantages 
offered by coherent power combining (namely, improved 
power directivity and narrower spectial extent) seem to justify 
the additional efforts needed to realize devices based on these 
methods. 

IV. Conclusions 

Methods of coherent and incoherent power combining of 
semiconductor lasers have been described. It was found that 
although incoherent power combining is easier to implement, 
the significant advantages ofiered by coherent power combin- 
ing seem to justify the additional efforts needed to realize 
devices based on this method. This conclusion is true, parti- 
cularly in systems which require very high beam directivity 
and narrow spectral range of the transmitted radiation. 
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Fig. 1. Schematic configuration of coherent power 
combining methods: (a) mutual coupling, (b) iniection 
locking (the array elements are lasers), (c) coherent 
amplification (the array elements are amplifiers). 
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5ig. 2. Approximate tar field pattern of a lo-alament diode laaar cofwrent array (laaar aperture: 4 ^m; wavetength; 0.9 M>n): 
(a) array elementa are regularly spaced 9 Mte apart, (b) array etements are randomly distributed within ±2 /urn of their deterministic 
location in (a) (also shown is the far*field pattern in the case of an Incoherent array) 
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2.5 Bit/Detected Photon Demonstration Program: 
Phase II and III Experimental Results 

J. Katz 

Communications Systems Research Section 


Thh report describes recent progress in the experimental program for demonstrating, 
in the lab, an energy-efficient optical communication channel operating at a rate of 2.5 
bit: detected photon. Results of the uncoded PPM channel performance are presented. 
These results indicate that the above throu^put efficiency can be achieved not only with 
a ReedSolomon (255, 191) code as originally predicted, but with less complex (255, 223) 
code as well. 


I. Introduction 

The purpose of this report is to describe the progress in the 
experimental program by demonstrating in the lab an energy- 
efficient optical r >mmunication channel operating at a rate of 
2.5 bits/detected photon. The overall scope and analysis of the 
program, including phased experimental results, were described 
in an earlier report (Ref. 1), and the more general aspects and 
advantages of free space <^ptical communications can be found 
in Refs. 2 and 3. 

For the sake of completeness, the block diagram of the 
demonstration system (Ref. 1) is shown in Fig. 1. The optical 
portion of the systen' consists mainly of a gallium arsenide 
semiconductor injection laser and a direct detection photo- 
multiplier tube. Surrounding the optoelectronic components 
are the modulation and coding hardware, namely, a 256 slot/ 
word PPM modulation/demodulation system and an 8-bit 
Reed-Solomon encoding/decoding system, respectively. The 
demonstration program is divided into four phases, as indicated 
in Fig. 1. Phase 5 (Ref. 1) involved only the PMT and its asso- 
ciated preamplifier and was concerned with characterizing tne 


dark current noise distribution of the detection system. This 
report describes phase II (measuring optical pulse erasure and 
error statistics) and phase III (measuring PPM word error and 
word erasure probabilities). The final phase (not described 
here) will encompass the coding hardware and will demon- 
strate the 2.5 bits/detected photon goal. 

The outline of this report is as follows. In Section II the 
calibration of the optical link is described. Correct calibration 
is essential for a relevant comparison between theory and 
experiment and a meaningful evaluation of the channel per- 
formance. Section III is concerned with the detection 
statistics of the photomultiplier tube (PMT). f mally. Sec- 
tion IV presents the results of the uncoded PPM lii iC. The 
modulation scheme used is 256 slots/word PPM, transmitted 
at a rate of 39,062 words/sec, which corresponds to an uncoded 
data rate of 312 kbits/sec. This rate is more than twice the 
benchmark rate of Voyager at Jupiter. Projecting from the 
experimental results of the uncoded PPM into the coded per- 
formance, we can predict with greater confidence that the 
energy efficiency goal of 2.5 bits/detected photon can be 
achieved. 


9 $ 



II. Calibration of Optical Link 

The calibration of the optical link is a crucial step in the 
experiment, since in order to determine the absolute perfor> 
mance of the system in terms of bits/detected photon, the 
number of detected photons must be determined as accurately 
as possible. 

The optical setup inside the darkroom enclosure is shown in 
Fig. 2. The light emitter is a GaAs injection laser diode (Mitsu> 
bishi, TJS type; model ML>3001). It emits light in a single 
spatial and longitudinal mode. The lasing wavelength of the 
laser diode used in this experiment was around 0,81 jmi. The 
current flowing through the laser (t^) is monitored with a cur> 
rent probe (American Laser Systems, model 711), and the 
power emitted out of the laser is monitored by a photo- 
diode which is included in the laser package (not shown in 
Fig. 2). '^hese two parameters (i^ and P^) w not important 
for this particular experiment, but they have to be monitored 
so as to not exceed the absolute maximum range ratings of the 
device. The light emitted by the laser is collimated by a lens 
and passed through an iris diaphragm which limits the spatial 
extent of the beam to dimensions smaller than those of the 
photomultiplier tube (PMT) photocathode. A cube beam- 
splitter diverts part of the laser radiation into a calibrated 
photodiode (UDT. model PIN- 10). which monitors the actual 
amount of light entering the photomultiplier tube. The other 
portion of the light is attenuated by neutral density Alters 
(and, to some extent, also by other glass surfaces which are 
present in front of the photocathode, e j: , PMT faceplate. 
PMT housing window). The signal of the calibrated photo- 
diode is amplified and displayed on an oscilloscope. The out- 
put signal of the PMT is amplifled and fed into a counter 
(HP5370A). By a straightforward calculation one can find 
that the number of photoelcctrons counted per second is 
related to the photodi >de voltage signal displayed on the 
iv ’’ by the toUowing formula 

■ ait 

where n is the quantum efficiency of the PMTs photocathode. 
X is the radiation wavelength. (T/R) is the ratio between the 
intensity of the wave transmitted by ^he beamsplitter to the 
intensity of the wave reflected by it. Z is the impedance seen 
by the photodiode, A is the amount of ampliflcation of the 
photodiode signal, o is the responsivity of the photodiode, h 
is Planck's constant, c is the vacuum light velocity. L is the 
total amount of attenuation (i.e.. tlie ratio between the power 
transmitted by the beamsplitter and the power incident on the 
PMT photocathode). DF \% the duty factory of the liglit signal, 
and Pj IS the probability of counting a photoclectron once it 


is released by the photocathode. In our case X*0.81|am, 
(T/R) * 32/68, Z « 50a ^4 * 100, a « 0 J A/W, and n -0,16. 
Using these parameters, Eq. ( 1) reduces to 

* 2.05 • 10'^ — ^ (2) 

The attenuations of the individual filters were measured 
and calibrated separately. The overaU attenuation - which 
was typically of the order of 50 to 70 dB ~ was obtained by 
using a stack of filters. Several sets of filters of different makes 
and types (both absorption and reflection) were used in order 
to assure that the results do not depend on a particular set 
where interference-type interactions between the elements 
might chttnge the overall attenuation. AH the calibrators of the 
beam-splitter and filters were done at the actual laser wave- 
length. Also, in order to prevent errors due to undetected 
problems in certain devices, the measurements were repeated 
for two photomultiplier tubes, two laser diodes, and the cali- 
brated photodiode response was compared to that of another 
calibrated photodiode. Finally, in order to virtually eliminate 
the effect of the system operated in the region where 
Pj ^ I . Th*.s corresponds to the experimental condition of 
setting the gain of the I^T as high as possible (<10^). while, 
at the same time, reducing the counter threshold as much as 
possible but still without having significant contribution of 
thermal-Gaussian noise. 

Before concluding this section we want to comment on the 
strength of the optical signal used. In order to make intrinsic 
noise contributions insignificant and to increase the quality of 
the average estimates, the number of signal photons was made 
much larger than the number dark counts. The upper limit 
on the signal strength was set by PMT reliability considerations 
(the absolute maximum rating is about 6*10^ photoelectrons/ 
second) and by the need to minimize the probability that two 
detection events partly or totally overlap so they are counted 
as one event. Typical values were around 10^ - 5 • 10^ photo- 
electrons/second. 

The experimental calibration measurements were in accord- 
ance with the calculated results. The experimental error is 
about 10- 15%, and is due mainly to inaccuracies of the 
measurements of the optical attenuation and the estimate on 
the quantum ciTiciency. especially due to its dependence on 
temperature. 

III. Single Pulse Detection Statistics 

This section describes the experiment of measuring the 
probability Pa, of correctly detecting the presence of incident 
laser light during a time slot. The basic experimental setup is 
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shown in Fig. 3. The laser driver is a HP8C03A pulse generator. 
The optical system is the same as that shown in Fig. 2. The 
photomultiplier tube is an RCA model C31034A. which has a 
GaAs photocathode and is the best commercially available 
PMT for the 0.85sm region of the spectrum. The preampli^ 
tier is an ORTEC model 9301 (gain 10» beandwtdth * 
150 MHaV and the final amplifier is one spedikally designed 
and built ;iround a mA 733 video amplifier. It can operate in 
different gains and bandwidths. but the nominal values used 
in the experiment were a gain of 80 and a bandwidth of 
80 MHz. Its RMS input noise over a 100-MHz bandwidth is 
30|iV« and althougii it has a smaller bandwidth than the 
HP461 amplifier used in phase 1 of the experiment (Ref. 1). 
its overall performance is better because of its higher dynamic 
range and better saturation characteristics. In some experi* 
ments we also used a Coinlinear mode! CLC-102 video anifdi- 
fier. which has a 250>MHz bandwidth, and tlie results obtained 
were similar. The delay unit used was a HP80I3A pulse genera^ 
lor. It is needed to synchronize the time>slot clock with the 
received light pulse. The computing controller used for average 
ing the counts over long periods was a 11P9845C. The detector 
unit used was one specifically designed and built for this 
experiment. In Ref. 1 the performance of a detector which is 
based on an integratc-and-dump prvKedure was suggested and 
analyzed. Because of 'wo reasons we did not employ this 
detector structure tn our expeninent. First, it is dilTicult to 
realize integratc-and-duinp circuitry at the jiecded speeds. 
Secondly, and more important, the intcgrate^andHlump 
scheme is not the optiinuin detection metluxi. since t>picall> 
the signal is present only over a small fraction of the time slot, 
while the noise is integrated over the entire slot. The actual 
detector circuit used in our experiment employed hardnlecision 
in each time*slot. and it produced reasonable results. The sub- 
ject of the optimum detection scheme for this type of received 
signal IS still an open issue and is under itive$tigatu>n. 

In the cx}icriment the laser diode was pulsed in a duty c>cle 
of 1/256. with pulses of 100-nS duration (i.e.. 39.062 pulses 
jK*r second). Figure 4 shows several examples of the amplified 
PMT output under illumination intensity level corresponding 
to approximate!) one photoelectron per tOO-nS iiine slot. 
The different signals occiiinng in each case are due to the fact 
that they arc sample functions i>f the generating Poisson pro* 
CCS.S The experimental value of I'js was determined by dividing 
the average nuinher of time slots per second where a signal was 
delected b> .^9.062 

In Fig 5. the probability of detecting the incident light 
IS sliown as a function of the average intensity of light measured 
in delected photons (i.e.. phoioelcc trims) pci slot The paiam- 
cter on the curves in this figure is the PMT gam. The tlreshold 
value ot the detector was set at HO mV. which is just above the 
value where thermal noise becomes significant. Wc see that foi 


■ 3.2 detected photona/dot, which corresponds to 2.5 bits/ 
detected photon whai using 8-bit tVU, we can obtain detec- 
tion probabthUes exceeding 90%. The experimental results 
are upper bounded by 

l- (3) 

which is the result for the ideal counter. 

Figure 5 should be compared with the receiver operating 
cui ves of Ref. I . Since an erroneous noise variance was used in 
Ref. 1 . we are using for omiparison the corrected results of 
Ref. 4. In particular. Fig. 7 of Ref. 4, combined with our 
experimental results from Fig. 5, is shown in Fig. 6. It is 
interesting to note that the experimental results - using the 
hard decision detector - are very similar to the theoretkai 
results " using the integrate-and-dump scheme. Tlw subject of 
the theoretical analysis of the hard decision detector is under 
current investigation. 

IV. Uncoded PPM Performance 

Tliis part of the experiment constitutes the third phase of 
the experimental program. The experimental setup is shown in 
Fig. 7. The synthesizer used as the master clock is a SYNTEST 
model SM02. The frequency was 39,062 Hz, which corres- 
ponds to 100-n$ time slots in a 256-slots/word li^M configura- 
tion. The PPM modulator/demodulator is an instrument 
designed and built specifically for the 2.5-bits/detected photon 
program, and its functions and performance are the subject of 
a separate report (Ref. 5). Since it contains almost all the 
necessary performance diagnostics, no additional equipment 
(except for the “AND** gale) was needed for the error rate 
measurements. These diagnostics include indications of PPM 
word errors as well ;s indications of the number of slots 
detected dunng eacli wv>rd period (i.e., 0 (erasure). 1 (single), 
2 (double) or >2 (overflow)). The “AND" gate is needed in 
order to synchronize these indications with the demodulator 
“strobe" output. The remainder of the equipment used in this 
setup was described in the last two sections. 

In the ex(K'riment the laser diode was pulsed (1/256 duty- 
factor; l(X)-n$ slot lime), znd the number of the various events 
(errors, erasures, etc.) was counted. We found that in oui case 
we are limited by ?rasurcs. which outnumber errors by more 
than one order of magnitude. The validity of this condition 
needs to be checked in any new situation (e.g., space-based 
receivers), since the performance of the Reed -Solomon decoder 
degrades when the ratio of erasures to errors decreases. It 
sliould be noted that only the information was transmitted 
optically, the synchronization signals were hard-wired between 
tlic nuxiulator and the demodulator. 
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The resuiis of the measurements aie shown in Fig. which 
depicts the bit error pn>bability as a function of the average 
number of detected photons per slot with the PMT gain as 
a parameter. Also shown on the graph is the lower bound 




Sb S, I -K. 


(4) 


which is the expression of the ideal plioton counter. We see 
that the experiment results are not too far from this bound. 

Figure 9 compares the three results, i.e.. the ideal photon 
counter, experimental results, and the integrate'and^ump 
detector theoretical results from Ref. 1 (but with the correct 
noise variance), under two PMi gains: 10 ^ and 3 * 10 ^. For 
Cl > 10^ (Fig. 9a). the experimental hard^decision results are 
st>mewhat better than the theoretical integrate-andniump result. 
As we increase the gain (G = 3 • 10 ^. Fig. %). both results 
mi>ve closer to the ideal counter, with the (theoretical) 
integrate^andHlump results somewhat better than the (experi- 
mental) hard-decision results. 


In order to predict the coded channel performance cm the 
basis of our measurements, we need the lelalKiD between the 
coded and uncoded perfommee. This relaiioo is shown in 
Fig. 10. The various curves associated with a given code conev 
pond to different combinatiofis of errors ard erasures. 

Comparing the results of Figs. 8 and 10, we see that the 
needed energy efficiency of 2.5 bits/deteettd photon can be 
easily achieved with the rate 3/4 code at the desired bit error 
probability of 5 * 10^^. From these graphs it also seems that if 
the ratio of erasures to errors is not tcx> low, operation at 2.5 
bits/deteettd photon cm be achieved even with the rate 7/8 
code which has less complexity. 


V. Condusioiis 

The uncoded periormance of a laboratory optical channel 
has been demonstrated and evaluated. The results agree with 
the prevtousiy generated theoretical analysis, thus substantiaOy 
increasing the confidence that the energy^ffident operation 
of 2.5 bits/detected photon will be achieved using a rate 3/4 
Reed-Solomoit code, as well as possibly with a less complex 
rate 7/8 code. 
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A Note on Deep Space Optical Communication 

Link Parameters 

S. J. Dolinar and J. H. Yuen 

Communications Systems Research Section 


Communication link analysis at the optical frequencies differs significantly from 
that at microwave frequencies such as the traditional and X-ba ^ used in deep space 
appUcaiionso due to the .dfaa$mHy different technolo^ of transmitter, antenna, modu- 
lators, fdrerreni additiqv the important role that quantum noise plays in limiting 

system performance is. quite different than that of thermal noise. In tbiapapmi yi/ucat 
communication "is discussed in tjte cuniexi of a deev space communication link ihe 
optical Jink design is pui m u design control table format similar to a microwave tPtecom 
link design. Key considerations unique to the optical link are hdafiy discussed. 


I. Introduction 

We have made a preliminary attempt to present the par- 
ameters influencing the performance of a deep space optical 
communication system in the same “design control table” 
format as that used in the design of microwave systems. This 
form of presentation facilitates comparison between the two 
types of systeiiis. However, the optical and microwave systems 
are not completely analogous, and thus the presentation must 
be issued with several caveats to prevent misunderstanding. 

The free space optical link differs from familiar micro* 
wave links in that its performance is limited by intrinsic 
quantum mechanical measurement uncertainty (loosely 
termed “quantum noise”) and, occasionally, by background 
light levels, rather than by receiver thermal noise. The quan* 
turn noise contributes generally non*Gaus$ian statistics, 
and consequently analyses of the optical and microwave 
links are quite different. Performance in the case of a Gaussian 
noise*limited microwave link is completely summarized by a 
signahto-noise ratio where is the received signal 


energy per bit and is the (single-sided) noise 'Spectral 
density level. Unfortunately, for a quantum noise-limited 
optical link, there is no comparably handy ratio that fully 
characterizes performance. 

It is nonetheless convenient to go ahead and normalize 
the received optical energy relative to a reasonable measure 
of the quantum noise level. In the optical communications 
literature, it is standard to normalize optical signal energies 
to units of photons. This can be loosely interpreted as a 
signahto-noise ratio, to the extent that the “amount” of 
quantum noise is roughly indicated by the energy hv of a 
single photon (/i = Planck's constant, v - optical frequency). 
It must be remembered, however, that this ratio is not suf- 
ficient by itself to specify performance, even when only 
quantum noise is present. Performance of the optical system 
depends in a complicated way on the number of detected sig- 
nal photons and background photons, and also on the kinds 
of signal modulation, receiver structure, and information 
coding that ar? used. 
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II. Sample Optical Design Control Table 

A nominal design control table (OCT) for a sample deep 
space optical link is given in Table 1 . The sample link consists 
of a free space do^^.ilini^ from the vicinity of Jupiter at 5 AU 
to an Earth-orbiting relay station. Parameter values appearing 
in the table are largely drawn from Refs. 1 and 2, which ana- 
lyzed the optical deep space link in some detail. 

A brief overview of the sample optical link OCT is helpful. 
The first seven entries calculate the detected power at the 
receiver due to the transmitted signal. The assumed values 
for transmitter power, antenna gains, and receiver losses 
correspond to similar assumptions in Refs. 1 and 2, and they 
represent current or foreseeable technological capabilities. 
Entries 8-10 in the table estimate the net detected power at 
tlie receiver due to typical sources of background light. In 
this example, the receiver's field of view is assumed to take 
in light from either a typical point source (weak star, mag- 
nitude +6) or a typical distributed source (Jupiter at opposi- 
tion). Background sources as strong as these may or may not 
be present in an actual application; stronger sources (e.g., 
bright stars, sun, skylight for ground-based receivers) might 
also cause problems in certain configurations. Entries 11-13 
normalize the signal and background power relative to the bit 
rate. Entries 14-16 further normalize these bit energies to 
units of photons. The last two entries calculate the link 
performance and margin for the assumed modulation, coding, 
and detection schemes. 

A brief annotation of each of the individual entries in 
the sample DCT follows: 

(1) The assumed transmitter power value of 1 watt refers 
to t' c total power broadcast from the transmitting 
antenna; i.e., it includes internal transmitter ineffi- 
cie icies as well as losses in coupling the transmitter 
to the antenna. 

(2) The transmitting antenna gain is computed as 47 t/ 1,/A^ . 
where the transmitter wavelength A is taken as 1 micron 
and the effective transmitting area is taken as 
l/4m^ . This value of /t, requires 56-cm*diameter optics 
if diffraction limited. 

(3) The 2-dB pointing loss was computed for )/2-/irad 
rms error from curves in Section 2.7 of Ref. 2. The 
l/2-/4rad rms error level corresponds to approxi- 
mately 1/4 beam width. This level was chosen as a 
threshold beyond which performance degrades very 
rapidly, and as such it represents a strine;ent require- 
ment on pointing accuracy. 

(4) Space loss is determined from tl.e formula (4nR/)<)^, 
wheic Wic assumed range is /? = 5 AU. 


(5) The receiving antenna gain is computed as 

where the receiving area Ay is taken to be 10 m^ . This 
corresponds to 3.6-m-diameter receiving optics, not 
necessarily diffraction-limited. 

(6) Total losses at the receiving end are listed as 8 dB. 
Three couthbutions to the figure are itemized sepa- 
rately. The atmospheric loss entry of 0 dB is included 
just to illustrate one of the advantages of a deep space 
relay link as compared to familiar direct links to 
Earth. The -1 dB receiver transmission loss and -7 dB 
detector quantum efficiency correspond to factors 
iy = 0.8 and i?, = 0.2 used in Refs. 1 2 nd 2. The factor 
iy accounts for receiving r ^ la losses, ai;d the factor 
riy refers to the probat f detecting individi^al 
photons at the receiver. 

(7) The net detected signal ,^ntry is simply 

sum (in dB) of entries 1 through 6. 

(8) The background intensity of *97 dBm is taken from 
Fig. 1-4 ai-d Eq. (1-4) of Ref. 2, asauiiiltig wavelength 
X = 1 /im, cptical predetection bandwidth AX = lOA, 
and receiving area Ay = 10 m^, for either of two 
cases: 

(a) weak star, magnitude +6, or 

(b) Jupiter at opposition, as seen with receiver field 
of view $y = 2 iurad. 

The assumed field of view (for the distributed source 
case) is taken to be the same as the transmitted beam- 
width; it does not require diffraction limited receiving 
optics. 

(9) The same losses at the receiving end apply to both 
signal and background power, and therefore entry 6 is 
repeated here. 

(10) The net detected background power entry is the sum 
(in dB) of entries 8 and 9. 

(11) The assumed bit rate of 1 Mbps is approximately 
9 times the capability of the Voyager system from 
Jupiier. 

( 1 2) Detected signal energy per bit is obtained by divid- 
ing detected signal power by bit rate. 

( 1 3) Detected background energy per bit E^ is obtained 
by dividing detected background power by bit rate. 

(14) 'Quantum noise* energy is measured by hv, as discussed 
above. 

(15) The "signal-to-quantum noise ratio” EJhv is obtained 
from entries 12 and 14. In the optical literature it is 
conventional to use the photon information rate 
p = (Eg/hvf * rather than E^/hi^. 
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(16) The “background*to>quantum noise ratio” EJhv is 
obtained from entries 13 and 14. 

(17) Required EJhv represents the net effect of many dif- 
ferent system paramete .. The calculation here assumes 
uncoded 64-ary PPM modulation and a direct detection 
receiver. A value of required EJhv = 1 (OdB) to 
achieve a bit error rate of 5X 10“^ is listen in the 
table. Additional performance results are discussed in 
the next section. 

(18) The nominal link margin of 3dB is obtained from 
entries 15 and 17. 

III. Key Uncertainty Areas and Tradeoff 
Considerations 

Table 1 demo; ^^ates the potential feasibility of communi- 
cating over a 5-AU free space optical link at a rate of 1 Mbps, 
assuming the parameter values listed. We have attempted to 
choose values which aro not overly optimistic or conservative 
for near-future optical systems. However, because of the 
relative immaturity of optical technology, these numbers are 
stated with much less certainty than the corresponding param- 
eters in a microwave system. 

There are several key areas of uncertainty concerning 
parameters which directly affect the amount of signal power 
obtained at the receiver: 

(1) The assumed transmitted power of 1 watt is beyond 
current technological capabilities, and further devel- 
opment of efficient, high-power, narrow-beam optical 
sources is needed. Advances in optimizing me power 
efficiency of semiconductor injection lasers (Ref. 3) 
and in phase locking laser arra' ^o produce a strong 
coherent source (Ref. 4) are cuirently underway. 

(2) The assumed optical antenna dimensions are modest 
compared to those of corresponding microwave an- 
tennas or of Earth-based telescopes, but the technology 
of low weight, spacebome optical antennas is still in its 
infancy. Improvements are expected, with the experi- 
ence gained from such projects as the Infrared Astron- 
omy Satellite (IRAS) (Ref. 5). 

(3) Very precise pointing and tracking systems need to be 
developed. To keep pointing loss teasonably low, 
pointing errors must be limited to subrnf >radian 
levels. The nominal 2-dB loss assumed in the table 
could be increased radically if this level of accuracy 
is not obtainable. 


(4) Required EJhv depends on many different system 
parameters, including the desired bit error rate., the 
amount of background noise, and the kinds of signal 
modulation, receiver structure, and information coding 
that are used. Ute 0-dB value assumed in the table 
corresponds to a photon information rate of 1 bit/ 
photon. This v due may be raised or lowered signifi- 
cantly if changes are made in tl.e system parameters. 
For example, elimira^ing the assumed background 
noise entirely would . - rc^ *ir^d EJhv to -1 dB, 
whereas higher bacl*^ d .<.ls mi^t raise t* i 
required EJhv intolerably. A tighter error tolerance 
v/ould require higher EJhv^ for instance, EJhv - 4 dB 
for a bit error rate (BER) of 10*^ in the absence of 
background. The requirement at this BER could be 
drastically reduced via coding (e.g., to a required EJhv 
= -3 dB with a (63, 32) Reed-Solomon code) or by 
using a larger number of PPM slots (e.g., required EJhv 
= 1 dB for = 4096). Ultimate capacity of the quan- 
tum limited PPM/direct detection channel is un- 
bounded, and thus in principle the required EJhv may 
* e made arbitrarily small at any BER. but practical 
limits on coding complexity and on laser peak power 
levels’ generaUy restrict these gains to a few dB relative 
to Table 1 . Presently, a laboratoiy effort (Ref. 6) is 
in progress to demonstrate the feasibility of communi- 
cating at 2.5 bits/photon with currently available 
devices. Heterodyne and homodyne receiver structures 
applied to the quantum limited channel have finite 
capacities of 1 nat/photon and 2 nats/photon, respec- 
tively (corresponding to finite lower bounds cn EJhv 
of -1.6 dB and -4.6 dB), but these structures may be 
preferable to direct detection in certain applications. 

The following table illustrates some of the tradeo^ issues 
involved in the determination of the required EJhv, For the 
purpose of this illustration, a direct detection reccivei i used 
and background noise is assumed to be negligible. Required 
EJhv is given as a function of the number of PPM slots (M) 
and the required BER for the two cases of uncoded transmis- 
sion and rate 1/2 (3/ - 1, M/2 ; Reed-Solumon coding. By way 
of comparison, the 2.5 bits/photon {EJhv = -4 dB) laboratory 
demonstration (Ref. 6) uses A/ = 256 and a rate 3/4 (255, 191) 
Reed-Solomon code. 


*At a fixed average level (e.g., 1 watt in Table 1). the peak 

power required of the transmitting laser increases directly with Af, 
the n jmber of PPM slots. 
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Tahiti. JupIltrtoaartli-orMlnoitlayofVlIctf 


1. 

Transmuted power tl watt) 

30 dBm 

2 

Tiansmittlnit antenna gam (.4, • 1/4 m^. X *■ 1 am) 

125 dB 

3 

l\>inting loss ( 1 (2 arsd rms err^n) 

-2dB 

4 

Space loss (K - 5 X - 1 am) 

-)80dB 

5 

Receiving antenna gam t.4^ - 10 m^. X » 1 am) 

141 dB 

6 

1 osses at receiving end 

Atmospheric loss -0 dB 

Receiver transmission loss -1 dB 

Detector efIViency -'T dB 

8dB 

7 

Net delected signal pow er 

-94 dBm 

K. 

Backgrn.ind intensity <Jupiter at opfK^sitmn or 
w^ak star. lOA bandwidth. .4^ “ 10 m^. 



* 2 anid) 

-97 dB 

4 

1 ijsses at receiving end 

-KdH 

10 

Net detected background power 

-105 dBm 

II 

Bit rate il Mbps) 

bOdBHr 


Det vied signal energ> Tut {t'^) 

-154dBmJ 

13 

Detected background eneig>/bit i/-'^) 

-l65dBmi 

14 

“Ouantum noise" tAi*) 

-l57dBniJ 

15 

fi) 

3dB 

16 


-KdB 

17 

Required t^hv{*\lst) 

OdB 

IS 

Margin 

3dH 


Tabia 2. Raquirtd C,/hi tor quantum llmitad dtract datactlon of PPM signals 
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Thermal Analysis of Antenna Backup Structure 
Part I Methoclology Development 

D. Schonfetd and F. L. Lansing 
OSN Engintvrino S«ctton 


An analvtic method is devised for predicting the temperature disniiK.non in typkni 
onteniKt s:ructurai back-up members. The remits are in good agreement with those 
obtained by a numerical shifoting method The analytic method developed in this work 
has shown a good potential in greatly simplifying the thermal analysis process for 
complex back-up antenna structures 


I. Introduction 

Future requirements for dec^ space navigation and telem- 
etry link communications point to the need for higher 
frequenc) bands. At these higlier frequencies, data rates are 
better but antenna surface accuracy requirements are more 
severe than those of the presently used S- or X-bands. Guided 
bv the ac».urac\ needs, studies are lum in pn>gre« on the 
feasibilit) of constructing large Ka-ban I antennas which will 
use frequencies at 32 GH/ or higher (Ref. 1 ). 

T*ie construction requirements for these Ka-band antennas 
are much more demanding than those for presently used 
devices. For example, the reflective surfaces must be pv>si- 
(loned 4iid aligned much more accurately and must be 
maintained during the life of the antenna against varying 
gravity, wind, and thermal loadings. Fnvironmenlal changes 
such as temperature variations can have deleterious effects on 
the antenna performance. Field thermal measuremeh;.> 
(Ret. 2> and analytic investigations are being conducted to 
study the environmental effects on the structural members of 
the large b4-m antenna. In the analytical investigation, which 
IS the subiect of this irticle. we are interested in simulating the 
temperature distribut:i>n throughout the complex back-up 


structural members given their phy^sical properties, geomethc 
arrangement, and environmental conditions, such as air tem- 
perature. wind veliv'ity. and solar inadiation (insolation). 

The simulation of the temperature pattern of a structural 
member can be done by ^conventional” numerical finite 
difference methods in heat transfer which divide the member 
under a>nsideration into nodes and then apply heat oalance 
equations to each node. Rather than solving for an excessively 
large network of nodes F a complex antenna back-up 
structure, a new method is developed in this paper to save 
effort and time. The method is analytical in nature and relies 
i>n deriving a universal relationship for the temperature 
varutions and heat fluxes within each member. The methodol- 
ogy is described only in this article and will be followed by 
additional applications iii subsequent TDA reports. 

It. Methodology Development 

Consider a simple bar, of length /.,as sketdied in Fig. I 
subjected to solar radiation, cmduction. convection, and 
radiation heat exchange with the ambient atr. The cross 
section of the bar. .4. and its material properties are assumed 


no 
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CQostaat akng the bar’s kagth. For an ekment of iDaemental where F, stands for the tea ipe ratme, 7, whSe 7] and 7] for 

length dx akmg the bar axis, whose temperature is T{X), the dTIdx and d^Tfdic^ re s pe c thw l y. a^ the supeisci^ (') for 


oonvectioo losses am gwen by: 


d/dx-lbe constants C,,C 3 andCj aredetfaiedas: 


dq^ = kPdx(T-T^ 

0) 

c 

« kA 

(10) 

the ndietne losses by: 




dq^ = eo^Pdx{T*-Tp 

(2) 

C 

* kA 

(II) 

the absorbed pctoon of the solar irradiation by: 


- _ kP _ €OP^ _4 oZP 
~ ~kA V-tt* 

(12) 


dq^ * alPdx (3) 


This numerical method wffl serve as a useful check on the 
and the Jiange in conductive heat transfer stored in the analytical results to be devdoped fatter, 
element b>: 



-) 
dx I 


dx 


(4) 


The complete heat balance equation at $teady>state conditions 
can be written as: 


d^T 

dx* 


• — (7- T)* (T* - 

kA ^ V kA kA 


(5) 


This analytic method of stdvmg Eq. (S) using perturbatiao 
requirm that the equation must become linear in the limit of 
some selected small par a meter. The pananeter C, in Eq. (10) 
is small because of the Stefan^oltzma constat o of the 
order 10^'*, while C] and from Eqs. (11) and (12) are of 
tlie order 1 and greater. The perturbation method assumes that 
the solution can be written in the form: 


TXx) = 7^(x) + C, 7,(x) + C^7j(x) + • • (13) 


Equation (S). together with the boundary conditions 
at X = 0 , r * 7(0) 

at X = I , 7 = 7(i) 


( 6 ) 

(7) 


Then, by inserting (13) into (S), one (Stains a set of linear 
equations such as: 



C,7„-C3=0 


(14) 


fonns a nonlinear boundary value problem for T\X). in 
general, such problems cannot be solved analytically and 
numerical methods must be employed (Refs. 3 and 4). Several 
of these methods are presented in the paragraphs whidi fdlow. 

A. 


dFr 

--CJ, 

dx* * ‘ * 0 


^-C,73-C3 = 7t 


An outline of the ''shooting" method and its use is given in 
Ref. 4. Using the subroutine described in that reference, 
Eq. (5) can be written as a system of equations in the form: 


which must be solved sequentially. 


(15) 

(16) 


y' = V 


Y* “ C 




The disadvantage of applying this method for our case is 
(8) that once an expression for is found by solving Eq. (14), 
subsequent equations will become very complicated due to the 
presence of terms such as 7^, 7^, etc. For this reason, the 
(^^ perturbation method was not examined further. 
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C. U nsar i z H o n llBi hod 

Equation (5) will be reduced to a closed form solution for 
by Unearizifig the radiation term in Eq. (2) by writing it 
as: 


The ratio from Eqs. (20) and (21) is: 


JL 

* 




oJ 


(23) 


= h^PdxiT-TJ (17) 

By comparing Eq. ( 1 7) with Eq. (2) one obtains: 

= €0 + rjxrt r ) (i8) 


The initial value of can be obtained by making the 
approximation T ^ Hiis assumption is valid in cases where 
one would not expect too much difference between the 
temperature of the structure and that of the ambient air. Note, 
however, that such an assumption cannot be used for a 
structure in space w^.^^e the temperature of the structure is 
much different from the surrounding space temperature. (7^ - 
0 K). As the temperature pattern is known, a modified value 
of k^ can be obtained at the average Hnk temperature. 

By using Eq. (17) in Eq. (5), one obtains the linearized 
differential equation: 


ill 

dX^ 


L kA I kA 


T ^ 


g/p l 
kA J 


(1^) 


Hence, the physical meaning of represents a balance 
between the incoming insolation and the rate of radiative md 
convective losses, all with respect to the ambient temperature, 
r. Therefore. is an ^equilibrium** temperature which wffl 
be denoted by In terms of Eq. (22) becomes 

(7(A) - rj - (7(0) - g cosh v'5i ^ 

r(jr) = sinh y/^x 

sinh y/^L 

♦[no)-rjcosh + (24) 


m. Nunwrical Exmiple 

To check the validit>' of Eq. (24) versus the more accurate 
shooting method, let us consider a numerical example. In this 
example we assume a steel bar having the following geometry: 

Perimeter. F = 0305m (1 ft) 

Length. iL = 0.91m (3 ft) 

Cross sectional area. .4 = 5.81 X 10'^ m^ (0.0625 ft^) 


and by making use of the abbreviations 


The two end temperatures are kept at: 


^ = 


1^1 )F 

r c 

kA 


( 20 ) 


r(0) = 3II K(560*R) 
7(A) = 322K(580'*R) 




(A *h)P 


kA 


T + 


aJF 

kA 


{ 2 \) 


while the ambient temperature is: 

= 294K(530®R) 


one obtains the solution of Eq. ( 19) as: 


T{x) 


j^7(A) - 4- j - [r(0) - |-J cosh >/^A 


sinh 


sixth y/^X 


^nO) - “I" j cosh \^x + (22) 


For these temperatures, and assuming typical Goldstone 
values for wind speed [16.1 mfhx (10 mph)] and insolation 
(800 W/m^), we will use the following heat transfer coeffi- 
cients: 

conductivity, k = 45.0 W/mK (26.0 BTU/hr ft®R) 

radiation heat transfer coefficient h =3.1 W/m^ K (0.55 
BTU/hr ft^R) 

convective heat transfer coefficient, h = 22.7 W/m^ K (4.0 
BTUlirft^^R) 
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emissivity, e = O.S 
view factor, .^=1.0 
absorptivity, a - 0.4 

insolation, / = 800 W/m^ (254 BTU/hr ft^) 

For these values, ^ = 30.1 (2.8 and T= 308 K 

(5S2^R). The results of the footing method and the 
linearization method in Eq. (24) are shown in Tables 1 and 2. 
A [dot of the results of Table 2 is made in Fig. 2. llie excellent 
agreement between the analytical and numerical results vali- 
dates the use of Eq. (24). Note that the temperature 
distribution within the bar need not be monotonic; in this 
particular ca.<L% the temperature within the bar reaches a point 
where it is low. r than either of the end temperatures. 


IV. The MultMink Problem 

Consider now a system of 3 bars linked together as 
illustrated in Fig. 3. The physical and geometric properties of 
each bni can be di^erent and so can their exposure to solar 
radiation. The temperatures at the junctions are assumed 
to be unknown. The problem is to find a simple way of 
determining these temperatures and then, by using Eq. (24). to 
obtain the temperature distribution throughout the links. 

The solution relies on the fact that, at each junction of two 
or more members, the heat flux balance at steady state is 
written as: 


In Eqs. (25) through (27), the square brackets ace subscripted 
by the Unk number, while tlx derivitive dT/dx is to be taken 
at the ^beginning** (0) or the "*end** (L) of the respective link. 
The assignment of (0) and (L) to each link is completely 
arbitrary. Note that, based on Eq. (24): 

(28) 

(^\ ^ _v g^ _ . j. ) _ ^ 

y^/o Sinh>/Ji 

(29) 

By substituting Eq. (28) and (29) into Eqs. (25) through (27), 
(Mie gets three equations and ^ unknowns, the utdcnowns 
being the temperatures 7X£)^. and TtO)^. (i = 1, 2, 3). However, 
three of these temperatures are redundant because of the 
junction conditions: 


r(0), » 7Ti)j 

(3C) 

r(0)3 = no, 

(31) 

no, “ no)j 

(32) 




I./.*. 


..=0 


Since the only heat transfer at the junction points is through 
conduction, for the case we are considering, the following 
equations are valid: 



We choose to solve for T(0)^. (/= 1, 2, 3) and to use the 
following abbreviations: 


3 . = kA,- 

f t t 


V^- 


sin 




(33) 


= e^r,.(coshNA5‘i,-i) (34) 


6 ^ = cosh (35) 


Then, the system Eqs. (25) through (27), by using Eqs. (30) 
througli (32) and (24), can be written in matrix form as. 
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The solutions of Eq. (36) are given by: 


7-(0), 


r(0). 


■((», + (jj) 


-0| ' 



-«3 


-«3 

6,+«3_ 




-6,. 6^ 




(0, fi,) 

-»3 


(0, +0j) 

6 ,+ 63 _ 



(37) 


(38) 


r(0)3 


■6, +63 


(0,+0,)' 


63 + 63 

(0,*03) 


-«3 

(0.^03), 



( 39 ) 


whci?: 


6. +6, 



I 2 

2 

1 




2 

2 3 

3 


-«3 

+6 


(40) 


V. Conclusions 

In this first report we have outlined a simple, analytic 
method for obtaining the temperature distribution in a typical 
arrangement of antenna structural back*up member. The 
results were verified by the numerical shooting method. Good 
agreement between the two methods was obtained. Further 
work wfll deal with setting up the matrices for more complex 
structures, with radiation exchange, and with comparison 
between simulations and actual field measurements. 
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TaMal. Example (rflinipenrturadtatrilMitkin Table2. Examptoollsmparatimdteiributlan 

obtained by shooting mattiod (B) using tbe iinaartzation method (C) 


JT 

T 

X 


T 

0.( M ) 

0.56( H 03 

0.00 


0.560+03 

0 10 

0 559403 

0.10 


0.559+03 

0.2<» 

0.558403 

0.20 


0 558+03 

0 30 

0.557+< j 3 

0.30 


0.557+ fl 3 

0.40 

0.557403 

0.40 


0.556+03 

050 

0.556403 

0 50 


0.556+03 

0.60 

0.556403 

0.60 


0.555+03 

0.70 

0.555403 

070 


0.555+03 

0.80 

0.555+03 

0.80 


555^03 

090 

0 555+03 

090 


0.555+03 

i 00 

0.555403 

1.00 


0.554+03 

MO 

0.555403 

1 10 


0.554+03 

1.20 

O . SS 5+03 

1 20 


0.554+03 

1 30 

0 555+03 

1 30 


0 555403 

1 40 

0.55 S +(»3 

1 40 


0.555+03 

1.50 

0 555+03 

1 50 


0.555+03 

1.60 

0.555+<»3 

1 60 


0 555+03 

1 70 

0.556+03 

1.70 


0.556+03 

1 80 

0.556+03 

1 80 


0.556+03 

1 90 

0.557+03 

1 90 


0.557^)3 

2.00 

0.55 R +03 

200 


0.558+03 

2 10 

0.559+03 

2 10 


0 558+03 

2 20 

0.560+03 

2.20 


0.560+03 

2.30 

0.561+03 

2 30 


0.561+03 

2.40 

0.562+03 

2 40 


0.562+03 

2 50 

0.564+03 

2.50 


0.5649 03 

260 

0.566+03 

2 60 


0 566+03 

2 70 

0 566+03 

2 70 


0.569+03 

2 80 

0.572+03 

2.80 


0.572+03 

2 

0.576+03 

2 90 


0.576+03 

3-00 

0.580+03 

3.00 


0.580+03 
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Fig. 1. Physical system for a simple bar 


LENGTH^ m 
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Fig. 2. Temperature distribution in a simple bar using 
linearization method 



Fig. 3. Three-bar linkage 
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Performance of an Optical Relay Satellite Using 
Reed-Solomon Coding Over a Cascaded Optical PPM 

and BPSK Channel 

D. Divsalar 

Communications Systems Research Section 
F. Naderi 

Telecommunications Systems Section 


The concept of using a relay satellite which receives information from deep space 
vehicles over an optical channel and relays this information to Earth over a microwave 
channel has been considered in the past. An important consideration in such a system is 
the nature of the opticallmicrowave interface aboard the relay satellite. In order to allow 
for the maximum system flexibility, without overburdening either the optical or RF 
channel, this paper considers the option of demodulating the optical channel on board 
the relay satellite but leaving the optical channel decoding to be performed at the ground 
station. 

This not only removes some degree of complexity from the relay satellite but more 
importantly it circumvents restricting all deep space vehicles to a specific channel coding 
for which the decoder is provided on board the relay. For this scheme to be viable, the 
occurrence of erasures in the optical channel must be properly treated. A hard decision 
on the erasure (Le., the relay selecting a symbol at random in case of erasure occurrence) 
seriously degrades the performance of the overcJl system. In mis paper, we suggest coding 
the erasure occurrences at the relay and transmitting this information via an extra bit to 
the ground station where it can be used by the decoder. Many examples with varying 
bit I photon energy efficiency and for the noisy and noiseless optical channel have been 
considered. It is shown that coding the erasure occurrences dramatically improves rhe 
performance of the cascaded channel relative to the case of hard decision on the erasure 
by the relay. 
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I. Introduction 

Optical communication systems have been studies in the 
past as a means of improving and/or expanding the capabilities 
of NASA*$ current Deep Space Network (Ref. 1). The princi- 
pal advan^nge in communicating with optical frequencies is 
the potential increase in the information that can be trans- 
mitted to Earth from a deep space vehicle (DSV) having 
limited power and a structurally small antenna. However, 
Earth^s atmosphere and adverse weather efhets introduce 
attenuation and possible outages which limit the reliabUity of 
an Earth-based optical system. 


imposes a wide bandwidth requirement on the microwave 
link. The performance ot *his system is being studied. 

As a compromise between the above two alternatives, a 
third option is discussed and evaluated in this paper. In order 
to eliminate the wi^, andwidth requirement of the bem pipe 
option and yet retain some degree of flexibility in the system, 
consider the case where the output of the photodetector on 
the relay satellite is demodulated but not decoded. The 
demodulated bit stream modulates an RF carrier for trans- 
mission to the gronnd station where the carrier is demodulated 
and decoded U* recover the baseband data. 


In order to elirinate the atmospheric effects detrimental 
to v^ptical links, an orbiting relay satellite might be employed. 
Such a satellite outside the Earth's atmosphere at the geosyn- 
chronous orbit would receive signals from the deep space 
vehicle over an optical link and subsequently relay the signals 
to Earth via a conventional microwave link (Ref. 2). Under 
this concept one would exploit advantages afforded by an 
optical link while eliminating some of its negative attributes. 
Figure 1 shows the block diagram for the optical/microwave 
communication sy^^tem. 

In the above, an important consideration is the nrture of 
the optical/microwave lirl' interface. Two alternatives were 
discussed in an earlier report (Ref. 2) and are briefly discussed 
here. Figure 2 shows the interface for option 1 . Here the r t- 
put of the photodetector is demodulated and decoded to 
recover tiie baseband data, which then ii^odulates an Ri' ear- 
ner prior to transmission to Earth. The overall bit error prob- 
ability at tbe station is given by the expression 

PE = PE^^^PE^ -IPE^^PE^^PE^^^PE^ (.) 

where and PE^ are the bit error probabilities in the 

microwave and optical links respectively. The principal disad- 
vantage of this scheme, which we shall refer to as a *'demodu- 
late and decode,'* is that by placing the demodulator and the 
decoder on the relay, the system is dictating the modulation 
and channel coding schemes to be used by all deep space 
vehicles winch want to communicate through the relay 
satellite. 


As an example, the optical link may use Reed-Solomon 
(RS) coding followed by a pulse position modidation (PPM) 
lo transmit data from deep space to the relay satellite where 
the received signal is demodulated and the ensuing bit stream 
modulates an RF carrier using binary phase shift keying 
(BPSK). In the next section we analyze tlie performance of 
this system. 

II. Performance of Reed-Solomon Coding 
Over Cascaded Optical PPM and 
BPSK Channel 

In this Section we analyze the performance of an (N, K) RS 
code over cascaded Af-ary optical PPM and binary PSK chan- 
nels. The mathematical model for the system under considera- 
tiof> is ^hown in Fig. 4. Allowing for erasure, the PPM channel 
can be modeled as an Af-ary input (A# + 1 )-ary output discrete 
memoryless channel (DMC), characterized by symbol error 
probability erasure probability P^ and correct symbol 
probability shown in Fig. 5. 

Two cases are considered. In the first case the erasure is 
eliminated on the relay satellite by hard decision (i.e., a sym- 
bol is randomly selected in case of an eiasure occurrence). In 
the second case, the occurrence of an erasure is properly coded 
and transmitted to the ground station where this information 
is used by the decoder. 

Case A Hard Decision on Erasures at the Relay 

in thv case of hard decision, the symbol error probability 
P^ and correct symbol probability P^^, are given by 


To mitigate this problem, the satellite can be operated in 
the “bent pipe" mode. Figure 3 shows the optical/microwave 
interface for this option where tne analog output of the 
photodetcctor, x(r). directly modulates (c.g.. FM) an RF 
carrier. At the ground station, the RF carrier is demodulated and 
to get an estimate of jc(r>. which is then routed to an optical 
oTinodulator and a channel decoder to recover the baseband 
data. While this scheme offers the most flexibility, it also 


p -p *^p 

^5 A/ V 


p, = p + “ p 

i'h c A/ ^ 


C) 


0 ) 


Its 



itfter PPM demodulation (and the hard d :ision) RS symuols 
must be sent over a binary symmetric chaimel (BSC) charac* 
terized by bit error probability given as 

/>, = l/2erfc (n/^) (4) 

where is energy per bit and is the one-sided noise spec- 
tral density at the ground station. Since each RS symbol can 
be represented by n - log^ M bits, transmission of an RS 
symbol can be modeled by a (BSC)" channel as depicted in 
Fig. 6. 

The equivalent cascaded Af-ary PPM ciiannel, with hard- 
decided erasure symbols, and (BSC/* channel is shown in 
Fig. 7. From this figure, the symbol error probability ot the 
equivalent channel is given by 

-1- (5) 

If an (7^, ) RS code is used in ccnjimction with the cascadeo 

channel, a word error occurs when there are more than 
(TV - K)!2 symbol errors in the N symbol received code word; 
then the word error probability ot the RS code is given by 

N-K 


where N ^ M • Y, Note th><t for large alphabet si/e RS codes 
in which we are interested, since the mass of spheres (with 
radius of one-half of the code minimum distance) around the 
code words is much smaller than the mass of total signal 
space, for a practical range of bit error rates, the prooability 
of an incorrect decoding event can be ignored. Thus when ths 
RS code fails to decode, we may have a bit in error. Under 
these conditions a bU error occurs when a bit in a received 
symbol is in error and there are {N - /C)/2 or more symbol 
enors in the remaining TV - 1 symbols in a received code word. 
Then the bit error rate of the RS code is given by 


represents the probability of making (AT - iC)/2 or more sym- 
bol errors in TV - 1 symbols of received code word. 

Case B — No Hard Decision on Erasures at the Relay 

We now consider the case where erasure information is 
encoded and relayed to the ground station and compare the 
performance with that of hard decided erasure on the relay. 

In order to transmit the erasure symbols over tlie downlink 
BSC, an extra bit is appended to the RS symbols. (We shall see 
shortly that for the range of of interest, one extra bit 
is sufficient to achieve acceptable performance). This means 
that symbols sent over the BSC cnannel are of lengtns 1 
bits. At ihii /round station the decoder examines the {nir \)th 
bit; if it is zero, the decoder accepts the first n bits as the RS 
symbol. However, if the appended bit is one, the receiver 
declares an erasure symbol and disregards the first n bits. For 
this case for each transmission of RS or eiasure symbols the 
channel can be modelled as (BSC)"****. The equivalent cas- 
caded PPM and (BSC)’’'*'* channel is shown in Fig. 8. From 
this figure, the symbol erasure probability of the equivalent 
channel is: 

(«) 

and the symbol error prouability is 

. -<•.)"! (I - w 

While the correct «vmbol probability is 

00) 








AT-JC 

2 

( 7 ) 


In (7), the expression in brackets represents the bit error 
probability before RS decoding and the summation in (7) 


From the above three equations, the v ord error and the bit 
error probability of the RS code ove. the equivalent channel 
of Fig. 8 are given by (Ref. 3). 

z z ( 1 ) 

i=0 /*A ' ^ / 

ni) 


118 



and 


t E(r)r;n' 


ORIGINAL PAGE IS 
OF POOR QUALITY 

Next the procedure is repeated for the case of a noisy opti- 
cal chaiuiel. In the presence of background muse, a 
thre^dd detector (Ref. 3) is used where for each dot in the 
PPM frame, the number of received photons is compared with a 
thrediold y to decide the presence or the absence of the signal. 


rr> nf 

sec 


where 


A = MAX(N-K+l-2i,0) 


( 12 ) 


(13) 


III. Numerical Results 

In order to compare the performance of the two cases 
discussed in the previous section, we now consider specific 
examples. Consider using ^-ary PPM with M = 256 and three 
RS codes, namely (255, 223), (255, 191) and (255, 127). 

Both noisy and noiseless optical channels are considered. 
Assuming no background noise, the PPM channel can be viewed 
as a purely erasure channel with 




and 




P = \ - 

C 


(14) 


(15) 


Assume Poisson distributicui -n the number of received 
photons in each dot, with a mean in the absence of the 
signal and mean the presence of a signal in th dot. 

Then the probability of correctly detecting the presen* of the 
signal is given by 


E 


^ (19) 


and the probability of correctly detecting the absence of the 
signal (or presence of the noise) is given by 


P = ^ 

^dn Z^k\ 

k=0 


( 20 ) 


Using Eqs. (19) and (20) we have 

P =( W - 1 )( 1 -/>^)( 1 - F ^)<.-2 


= n 

Os dn 


( 21 ) 


where is the average numbei of photon counts per PPM 
frame of the optical channel. For the case of hard>decided 
erasures, using Eqs. (14) and (15) above in Eqs. (2) and (3) 


with Pj set to zero, we have 


^ M 


and 


(16) 


1-P -P 

c s 


These results are next used in Eqs. (2) and (3) to calculate P^ 
and PcH and in Eqs. (8) through (10) to calculate and 
7T^, which are subsequently used to calculate Pi^{RS) and 
The threshold y has been optimized to give minimum 
bit error rates. P^i,(/?5) and PfJl^RS) are shown in Figs. 1 2-20. 


ch ' M ^ 


(17) 


Using these results, we have plotted the bit error rate of 
the end-to-end system (i.e., P^^(/?5)) for the hard-decided 
erasure from Eq. (7) ana P^(A S) for the coded erasure from 
Eq. (1 2) as a function of of the microwave channel for 
various energy efficiency of p bits/photon where p is given by 


P ^ 


K log^ M 
A A. 


(18) 


The results are given iw Figs. 9-II . 


IV. Conclusion 

This paper has considered an optical relay satellite system 
which has been modeled as a cascaded optical PPM and micro- 
wave BPSK channel. In order to maintain maximum system 
r.exibility, the relay satellite demodulates but does not decode 
the optical channel ; the decoding is performed by the ground 
station. The occurrence of optical erasures is properly coded 
by the relay and transmitted to the ground decoder using 
an extra bit. It is shown that this improves the overall system 
performance dramatically relative to the case where the 
relay mak^s hard decision on the erasures, thereby screening 
the ;jound decoder from the knowledge of such erasure 
occurrences. 
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DSN Data Systems Software Methodology 

C. K. Hung 
Data Systems Section 


This report presents a software methodology for JPL Deep Space Network (DSN) data 
systems software implementations through transfer and delivery. The DSN Data Systems 
Software Methodology is compatible with and depends on DSN software methodology 
and also incorporates the characteristics of real-time program development in a DSN 
environment. The DSN Data Systems software implementation consists of a series of six 
distinct phases: (a) planning and requirements, (b) design definition, (cj design and 
production, (d) combined subsystem testir^, (e) acceptance test and transfer, (f) opera- 
tion and maintenance. The unit (function) demonstration tests du. ,g the design and 
production phase will be planned early in the design definition phase. Each demonstra- 
tion will serve as a significant milestcm and will show an increased program capability. 
An Independent Group (IG) is responsible for verification and validation of the DSN 
Data Systems software during development phases. 

The DSN Data Systems Software Methodology is being applied to all development 
software provided for or by the DSN Data Systems Section in Mark IV where *here *'t 
a desire for reliability, maintainability, and usability within budget and schedule 
constraints. 


I. Introduction 

The Deep Space Network (DSN) Data Systems Software 
Methodology is to provide standard methods and policies for 
the orderly implementation and management of the DSN 
Data Systems software through transfer ard delivery. The 
DSN Data Systems Software Methodology is compatible 
with and depends on DSN software methodology standards 
(Ref. 1), and also incorporates the characteristics of real- 
time program development in a DSN environment. The over- 
view of the DSN Data Systems software development tech- 
niques are as follows: 


(1) The DSN Data Systems software implementation 
plan is a series of six distinct phases : 

(a) P . jiing and requirements 

(b) Design definition 

(c) Design t nd production 

^ Combined subsystem testing 
Acceptar ‘ and transfer 
(0 Operations and mair/ena ;ce. 
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Before the acceptance testing phase, combined sub- 
system testing wiU be performed. Hie combined 
subsystem test phase will demonstrate that: 

(a) That the program meets functional, performance, 
and interface requirements in its real-time environ- 
ment and 

(b) Proper concurrent operation of combined sub- 
systems. 

(2) The unit (function) demonstration tests during the 
design and production phase will be planned early in 
the design definition phase and will appear on the 
detailed Work Breakdown Structure (WBS> Each 
demonstration thus: 

(a) Shows an increased program capability 

(b) Proves module compatibility 

(c) Serves as a significant milestone (quality and 
quantity) 

(d) Produces test plans and procedures which often 
become a part of the Software Test and Transfer 
Document (STT). 

(3) An Indepmdent Group (IG) is responsible for veri- 
fication and validation of the software during devel- 
opment phases. 


II. Software Classification 

The extent to which DSN Data Systems software methods 
and management policies are applied to the implementation of 
an individual software program is dependent upon the classifi- 
cation of that software into one of three software classes. 

The individual software classes are defined as follows: 

(1) Class I -New operation software 

(2) Ckss 2 Modified operation software (new functic 
added or major revisions) where implementation cost 
exceeds one-h?lf man year or $25,000 

(3) Class 3 -Modified operation software (corrections 
or minor revision's) where implementation cost is less 
than one-half man year or $25,000. 

Table 1 lists the impleirentation documentation require- 
ments that are appli '^ble to the three software classes. 


III. Software Design and Dev^ofmieiit 
Process 

A. Implemwitation Phases 

This paragraph presents eadi phase of the software design 
and devek){»nent process. It identifi^ all of the responsible 
people, their fimetion and it relates to eadi phase of the 
process, the products that will be geirerated, and the mtmi- 
toring, reviews, and control involved. Figure 1 summarizes 
the DSN Data System Software Management and Impte- 
mentation Plan. 

The phas^ of DSN Data Systems software implementation 
involve: 

(1) Planning and requirements 

(2) Design definition 

(3) Design and production 

(4) DSN Data Systems combined subsystem testing 

(5) Acceptance test and transfer 

(6) Operations and maintenance. 

B. Program Language 

Coding of the software design is performed using a standard 
high-level language approved for real-time and nonreal-time 
programs. The HAL/S language is a currently approved lan- 
guage used for all new minicomputer subsystem software 
development. The PL/M language is a currently sqiproved 
language used for all Control and Computation Module (CCM) 
subsystem software/firmware. 

The use of inherited code is not subject to the constraints 
and does not require a waiver to use an existing language. 

C. Milestones 

Based on the activities t<r.ajor ^ cuments, design and test 
reviews) discussed in Paragraph II1.A., eight major milestones 
are established which allow the overall software implementa- 
tion project to be planned and its in-progress developmetu to 
be monitored. The milestones, in order of occurrence, arc as 
follows: 

(1) Software Requirements Document (SRD) approved 
and DSN Level D review completed 

(2) Project Data Flow and Interface Design Document 
(LFD) approved 
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(3) Softwaie Definition Document (SDD), Preiimmai>‘ 
Software Operator's Manual (PSOM), and Develop- 
ment Test Plan (DTP) approved and architectural 
design review (Level E) completed 

(4) Final demonstration test review completed 

(5) Combined Subsystem Test (CST) review and pre- 
acceptance test review completed. Combined Sub- 
system Test Plan and Test Procedure (CTT) approved 

(6) ScHware Operator's Manual (SOM) approved 

(7) Softwaie Specification Document (SSD) approved 

(8) Software Test and Transfer (STT) Document 
approved. Transfer Agreement signed. deli\c«^able 
transl'erred to Operations. 

D. Revieves 

Technical reviews are required to assess the technical 
quality and progress of the development during DSN Data 
Systems Section software implementation process. Reviews 
are held at the end of each implementation phase. These 
reviews are of two types: DSN Data Systems Section internal 
reviews and DSN formal review. The DSN formcl reviews are 
described in Ref. I . 

The reviews, in order of occurrence , are as described ui the 
paragraplis which follow. 

1. DSN subsystem function design review (Level D). The 
DSN formal Level D review for each subsystero's software and 
the common $t>ftware shall be held at the end of software 
planning and requirements phase. 

2. Pter design review. The peer design review sliall be held 
after the DSN fonnal Level D review, at the end of design 
detnution phase, to allow for corrective action and before the 
DSN formal subsystem detail design (Level t) review. The 
DSN IXila Systems peer design review procedure is shown in 
Figure 2 The p^^er design review criteria shall mchide: 

( 1 ) Requirement tr.iceabiht> 

( 2 ) Architectural design 

( 3 ) Man inachuie interface 

(4) Testing factors 
Management intonnaiion 

((>) llardwate and software development systems 

The detailed review form is sliown in Ref. I . Members ol 
the peer design teams shall consist ot the following 


(1) Software Manager (Chairman) 

(2) Independent Group representative 

(3) Data flow and interface engineer 

(4) Combined subsystem testing engineer 

(5) Senio software engineer 

Also, the DSN subsystem engineer and operational repre- 
sentative participate in the peer review. 

3. DSN suhsyssein detml review (Level E)l The 

DSN fonnal Level E review fc each subsystem's software 
and the common software shall be held alter the subsystem 
peer design review and before substantially entering the 
design and production phase. 

4. Unit (tnnetion) demonstiatiiia lest review. The unit 
(function) demonstration test revkw for each subsystem and 
tlie common softwaie is held at the end of each demonstn- 
tion test during the design and production phase. 

The lechnica! gi vup supervisor shall be responsible for 
calling the meeting and for assuring resolution of all open 
tiema. Members of review teams shall include the Software 
Manager and the cognizant development engineer and his/ 
her staff. The Independent Group common software engi- 
neer may als4> participate, if requued. The review focuses 
primarily on: 

( 1 ) Performance against design. The review 

(a) Systematically lists all program parameters such 
as dat : queue. Input/Output (I/O) queues. bulTer 
pool (released buffer), etc. 

(b) Creates boundary conditions for these parameters 
and systematically chocks chat all cases are per- 
formed properly against design. 

(2) Functional perfonnance against func' onal rcxfUirc- 
meni. The review 

(a) Systematically lists all program parameters and 
system parameters such as 1 200-bit ‘pei -second 
line, error polynomial, etc. 

\b) Creates boundary conditions for these parameters 
with test dnver/other programs and checks syste- 
matically that all cases are performed properly. 

(3> Tests (creates) all possible hardware failures and their 
error recoveries. Also tests all peak load where all 
interrupt signals iKCur simultanei^usly. 
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5. Final d aa onrt ratioo lest laview. The final demooslra- 
Uon test renew (secUoQ mtenial) shall be held at the end of 
the design and production phase. 

6. CooihiBed sahsyiSeaa test review. The combined sub- 
system test renew (sectioo uitemal) shall be held at the end of 
the DSN Data Systems combined subsystem testing phase. 

7. DSN sabsysSem tnnier to opeiatioas r enew |Le«el FK 
This formal DSN review is optioiul and is held normally onl> 
for subsystem transl'ers. 

E. DocumMlaiion 

Documentation is a basehned product of each of the soD- 
ware implementatioa phases, and is produced concurrently 
with the design and other implementation activities conducted 
in each phase. Typical outlines for documentation are shown 
in Refs. 1, 2, and 3. Table 2 summarizes the documents and 
their responsibility. 

F. Quality Control 

The Independent Group shall assure the traceability of 
software re^uuements through architectural design, design 
and production, integration combined subsystem test, and 
transl'er. The Independent Group conducts and observes the 
pre-acceptance test and combined subsystem tests, and is a 
signatory to test reports. 

Before completion of the transfer of the software from 
implementation to operations, DSN Quality Assurance (QA) 
certifies the status of the SSD (including the code). Detailed 
DSN QA requirements and procedures are contained in Ref. I . 

6. Co n fi g uration Management 

All documentation and software products are maintained 
under configuration control by Software Production Manage- 
ment and Control (SPMC). SPMC provides security, intcgiity. 
- ' controlled access to material within its custody and 
enforces configuration management practices. 

The SRI). SDD. SSD. SOM. and STT arc subject (ulti- 
maieK) lo DSN configuration management. The TRA. DTP. 
PSOM. DFD. CTT, and SMP are DSN Data Systems Section 
pro|cct dtvunients. and are subfcct to DSN Data Systems Sec- 
tion change control onl\ 

I. Section (internal) change control. The TRA. DTP. 
PSOM. DFD. C'T1\ and SMP .ire maintained under DSN Data 


Systems Section configyration control in SPMC fites, and ne 
updated whenever a change request is approv ed. All change 
requesu need to be justified and need to be acco m panied by 
the modified change pages tefieciing the change at the same or 
lower level or detail as was induded in the original approved 
document. 

2. DSN change coatroL The SRD and SDD are not main- 
tained be>'oiid program transfer to operations. The SSD, SOM, 
and STT are separate as-butit documentt dehveied along with 
the completed prograin and are mamtamed throudKHtt the 
operational life of the program. Therefore, the SSD, SOM, and 
STT are subject to DSN change control procedures. 

Detailed DSN ConliguratioQ Management requiiemems and 
procedures are contained in Ref. I. 

3. Wahier. Deviatioiis from the Software Management plan 
may appear in the SRD or through the waiver procedure. All 
approved waivers shall be formally documented by the SPMC. 

H. Mnlhodolo g y and Tool 

There are two main categories of computers used opera- 
tioiially and for sofiwaie development support: 

(1) miiiicomputers 

(2) CCM-based micToprocessors. Minkomputer applka- 
tioitt arc intended to be developed on Intel MDS sys- 
tems and/or a CCM-based Development Work Station 
(DWS). The development tool summary is shown in 
Table 3. 


IV. DSN Data Syslanw Mark IV Software 
In4>leinefitatk>n 

Over the last several years (I97S-I^S0), the DSN Data Sys- 
tems Ground Communication Group has employed ^>ftware 
development techniques such as unit (function) demo tests, 
combined subs>^stem testing, etc., for developing reliable real- 
time software for the Ground Communication Facility (GCFV 
Network Operation Control Center (NOCC) Reconfiguration 
Project (Ref. 4 and 5). 

The DSN Data Systems Section is playing a major role in 
the impienientation of the Network Consolidation Project 
(NCP) (Ref. 6 and 7). (Rcterred to in this paper as the 
Mark IV A Implementation Project.) This software methodol- 
i)g> applies to ail devcIopiiKnt software in Mark IVA provided 
for. or b\, the DSN Data Systems Section in the Mark IVA 
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efa wliere there is a desire for reliatiility, mamtainabilitv, and 
usability within budget and schedule constraints. 

As of inid*July \ 9 % 2 . ^ DSN Data Systems computer 
programs are in the architecture design phase or the design 
and production phase. Table 4 contains the software dassifica- 


tkMis for Mark IVA Interan software, ‘’'ibie S contaim the 
software classification for the Mark IVA final software. 

The sums of the DSN Data System software mptementa- 
tion for the NCP wiH be descrflied in a subsequent issue of the 
TDA Pto^ess Rep^tft. 


1 . "SrandanJ Phtcrices for the Impkmentatkm of Computer Sb/nwarr.” JPL 78-53. Jet 
Propulsion Laboratory, Pasadena, California, September 1 , 1978. 

2. ""Prepamtion Guide for Ckss B Software Specifkatkm Documents^ JPL 79-56, Jet 
Propulsion Laboratory, Pasadena, California, Oc ober 1 . 1979. . 

3. Robert C. Tausworthe, Standardted Development of Computer Software^ Part 1 
(1976), Part 2 (1978), JPL SP-43-29, Jet Propulsion Laboratory, Pasadena, California. 

4. Bremner. D. S.. and Hung, C. K.. **Ground Communication Facility and Network 
Operations Control Center Reconfiguration," The Tdecommunications and Data 
Acquisitwn Pnygress Report 42-58. pp. 108-109, Jet Propulsion Laboratory, Pasadena, 
Cilifomia. August 15, 1980. 

5. McClure. J. P., ‘XX'F-NOCC Reconfiguration," The Deep Space Setwork Progress 
Report 42-55. pp. 86-89, Jet Propulsion Laboratory, Pasadena, California, February 
1980. 

6. Gatz, E. C.. “Network Consolidation Program System Design," The Teiecommunka- 
tions and Data Actpiisition Progress Report 42-63. pp. 150-153, Jet Propulsion 
Laboratory, Pasadena. California. June 15, 1981. 

7 . Yeater. M. L., and Herrman, D. T., “Network Consolidation Program," The Telecom- 
munications and Data Acquisition Progress Report 42-65. pp. 19-24, Jet Propulsion 
Laboratory . Pasadena, California, October 1981 . 

8. Robert C. Tausworthe. “Deep Space \etwork Software Cost Estimation Models* 
JPL 8 1-7. Jet Propulsion Labenatory, Pasadena. California. April 15, 1981. 
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TeliInR. 

Phase 

Document 

RespomRiatiiy 

Approved By 

Review By 

1 

SRD 

CDE 

DSN line Mgts (810^1 3) 
S/W Mgr (Concur) 


2 

SOD 

CDE 

DSN Line Mgra(81(K13) 
S/W Mgi (Concur) 

IG 

2 

Piehm SOM 

CDf 

Sttperviaor. S/W Mgr 

1C 

2 

DTP 

CDF 

Supervttor. S/W Mgr 

IG 

3.4 

SOM 

CDF 

DSNUneMgn(81(M3) 

S/^Mgr 

IG 

3.4 

SSD 

CDF 

DSN Line Mgrs(81(F13> 


3. 4. .S 

srr 

CDF 

DSNLm€Mgrs(81(F13) 

IG 

L2 

DFD 

Data l'k)w and 

Subtystem Eng Mgr 

S/W Mgr.CDFa 



Interfaces Fng 

Section Mgr 

IC/CST £i« 

2. 3.4 

ITT 

CST Eng 

Integration Mgr 

S/W Mgr 




Scc:km Mgr 

IG.TGSa,CDEa 

1. 2.3 

TRA 

IG 

CST Eng. Integration Mgr 

S/W Mgr 




Subsystem Ei^ Mgr 

CDEa 

1 

SMP 

S/W Mgi 

Section Mgt 

TCSs, CDEa, Cost Eng 


Integration Mgr 
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Tool 

Phases 


Utilizatkm 

Cost model 

1 

CDE/Snpenr»or 

Schediilli^ 

Wont processor 

I, 2, 3, 4, 5 

CDE.SPMC 

Documeatatioa 

Work Breakdown Structure tWBS) 

2, 3,4,5 

CDE/Supervisor 

Schedulmg and mflestones 

ProGiaia Design Language (PDL) 

2*, 3, 4, 5 

CDE.SPMCQA 

Documentatioii 

HAUS 

3.4.5 

CDE 

Modoomp higb*oider languid 

PUM 

3.4,5 

CDE 

CCM S/W/ftrm«aie langui^e 

Developaien VenioD Control System tDVCS) 

3,4,5 

CDE, SPMC.QA 

Version control 

Multiple terminal for software code 

3.4,5 

CDE/lmplementer 

Code deveh^nnent 

Anomaly Report System CARS) 

3,4,5 

CDE, COE, IG 

Anomaly Reporting System 

Source Editor (S£D) 

3.4,5 

CDE/lro|dementer 

Modccmip Source Editor 

Assembler* 

3,4,5 

CDE/lmptementer 

Modcomp languid 

Test generator* 

3. 4.5 

CDE/lmplementer 

Debugger 

*Option 


Table4. Sonwaf8c la»sffiG 8tlonfof liaffclVAtnt8rtm»oftw «ro 


Subsystem 

Program 

s/w 

dassiftcation 

Code estinutes 
(X 1000 line*) 

Command 

Deep Space Station (DSS) Command 
Modulator Assembly (CMA) firmw-r^ 

1 

1.6 


DSS Command Processor Assembly (CPA) 

2 

4.4 


Network Operation Control Center (NOCO 
Command Real-Time Monitor (NCD) 

2 

0.2 

Tclemetr> 

DSS Telemetry Processor Assembly (DIM) 

2 

3.2 


NOCC Tclemotry Real-Time Monitor (NTM) 

2 

0.12 

NOCV Di$pla> 

NOCT Display Subsystem (NDS) 

2 

2.4 


Video Assembly Processor (VAP) 

2 

0.3 

Common Soft^%aro 

NOCC Common Software 

2 

56 
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Subsjrstem 

Program 

SfW 

dassificaikm 

OmM estimates 
(X 10(H) lines) 

Command 

Deep Space Communications Complex (l^CQ 
Command Processor Assembly (CPA) 

2 

0.8 


Network Operations Control Center (NOCC) 
Command ReaFThne Monitor (NCD) 

2 

2.0 

Test Support 

DSCC Test Support Assembly (TSA) 

1 

31.7 


NOCC Test and Support Assembly (NTS) 

2 

12.0 

Antenna Mechanical 

DSCC Antenna Pointing Assembly (APA) 

1 

25.5 


DSCC Antenna Control Subassembly (ACS) 

1 

1X0 

Tracking 

DSCC Metric Data Assembly (MDA> 

2 

21.0 


NOCC Network Trackii^ Assembly (NTK) 

2 

25.0 

Radio Scwnce 

DSCC Occultation Data Assembly (ODA) 

2 

16.1 

Monitor and Control 

DSCC Complex Monitor and Control (CMC) 

1 

40.0 


DSCC Link Monitor and Control (LMC) 

1 

35.0 


NOCC Monitor and Control (NMC) 

1 

20.0 

Telemetry 

DSCC Tt^'emetry Processor Assembly (DTM) 

2 

20.0 


N(XC Telemetry ReaFTime Monitor (NTM' 

2 

25-1 

Ground Communication 

DSCC Area Routing Assembly (ARA) 

1 

2X0 

Facility 

Central Communicatkrn Terminal (CCT) 

Error Correction and Switching Assembly (EC^) 

2 

1X0 


CCT Data Record Generator Assembly (DRG) 

2 

8.0 


CCT Central Commu ^cation Monitor (CCM) 

2 

7.2 


NOCC Network Communication Equipment (NCE) 

3 

8.0 

Display 

NO(X Display Subsystem (NDS) 

2 

0.3 


HOCC Video Assembly Processor (VAP) 

2 

0.3 

Network Support 

Star and VAX Interface Adapter (SVIA) 

1 

0.5 


Network Support Subsystem (NSS) Control 
Input/Output 

1 

10.0 


NSS Sequence of Events (SOE) 

1 

14.0 


NSS Standard and Limit (SAL) 

1 

16.0 


NSS System Performance Record (SPR) 

1 

16.0 

Common Software 

Functional Independent Data Module (FIDM), 
IEEE 488, STAR and FTS handler 

1 

4.0 


Local Area Network (LAN) RS-232 device handler 
for microprocess 

1 

0.8 
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DSN Oata-Systems Section 


Um papfr examines some ^neral rcQuieements for an fnfor tation management 
system for the Deep ^age tletwork (tSNJ lia$S9 wresente a concise review of available 
database management system technologyt Jib recommenas that a federation of 
logically decentralized databases be implemented for the Network Information Manage- 
ment System of the DSN, Overall characteristics of the federation are specked, as well 
as reasons for adopting *his upproach 


I. Introduction 

There have been many advances in database management 
systems over the last decade. Faced with the task of modelling 
a particular application environment, an organization today 
must make important choices. Off>the-shelf products are com- 
mercially available for a wide selection of computers. Nonpro- 
cedural quer>' languages, report-writers, forms-based inter- 
faces, programming languages, and graphics are but some of 
the tools offered for today’s applications. However, before 
selecting a particular product, certain fundamental issues of 
database organization must be considered. Th«^ functional 
requirements of the application environment mvsi be analyzed 
and then carefuUy matched to an information system archi- 
tecture best suited to meet those requirements. 

The purpose of this paper is to study the information man- 
agement needs of the Deep Space Network of NASA, and to 
recommend a database management system architecture which 
will meet those needs most effectively. We begin with an over- 
view of the Deep Space Network, describing the way in 


which the organization is admuiistered, and the ways in which 
various elements of this administration interact with each other 
and with the rest of the Jet Propulsion Laboratory. From this 
discussion we formulate some general requirements for an 
information management system [Section U] . We then turn to 
an examination of information management systems avail- 
able today [Section III] . By matching the characteristics of 
these systems with our requirements, we recommend an 
approach for the DSN, give a top-level design of the system 
using a small, but representative, subset of data, and indicate 
how this system can be expanded to serve adequately the whole 
of the DSN and/or JPL [Section IV) . We then analyze the 
benefits and costs of our choice in comparison witli the bene- 
fits and costs of ar. alternative proposal [Section V] . Lastly, 
we conclude with a brief summaiy of the paper [Section VI] . 

This paper is of paiticular importance because of its timely 
coincidence with plans for the Network infop lation Manage • 
ment System for the DSN already underway. As no major 
software decisions for this system have as yet been made, the 
recommendations contained in this paper may be considered. 
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II. The Deep Space Network 

We begin this section with an overview of DSN operations. 
We then focus in some detail on several key administr tive 
activities. This leads us to formulate general requirements for 
a DSN infonnation management system. 

A. An Overview 

Hie Deep Space Network (DSN) of the National Aero- 
nat^tics and Space Administration (NASA) is responsible for 
the guidance and control of all of NASA’s unmanned space- 
craft at planetary and interplanetary distances, as well as for 
the receiving and processing of the vast amounts ol information 
these spacecraft acquire and send back to Earth. This network 
is made up of tracking stations around the world, a central 
control organization at the Jet Propulsion Laboratory in 
Pasadena, California, and the ground communicatior*' ^inking 
them together. The three station groups, called Deep Space 
Communications Complexes (DSCC), are located approxi- 
mately 120 degrees apart in longitude, so that a spacecraft is 
always in view of at least one antenna as t*..; Earth rotates. 
These locations are Goldstone, California; Madrid, Spain; and 
Canberra, Australia. These stations function as autonomous 
organizations under management at JPL. This management is 
decentralized at JPL in various locations both on and off the 
laboratory, including a secondary site at Hill Street in 
Pasadena. 

A variety of administrative activities in the DSN require 
the management of data. These activities are presently sup- 
ported by separate application systems, each of which has its 
own set of datr^ However, fur many of these activities the data 
overlap. At present, there are few automatic mechanisms for 
these activities to share data. It is cumbersome as well for an 
activity to span several systems. In addition, it is difficult for 
the three Deep Space Stations tc ooperatc in the performance 
of these admmistrative functions or to interchange data 
amongst themselves. 

The need for improving this situation has been recognized 
by JPL management. To this end, an extensive study has been 
undertaken, under outside contract, which has resulted in a 
proposal of a hardware and communications configuration for 
improved operations. The proposed system is called the Net- 
work Information Management (NIM) System. It is for this 
system that we will address our database design. The NIM 
assembly is described in detail in Refs. 1 and 2. The proposed 
worldwide network will initially consist of four nodes, one at 
JPL and one at each of the three station complexes. In addi- 
tion, each node is itself an internal local network. Each NIM 
node will have hardware, software, and communications to 
provide a distributed computing environment for the DSN. 


Hie NIM study, undertaks. t b^ the Aaron-Roes Corporp 
tion for JPL, has produced an extensive survey of aO the 
components of the DSN (Ref. 3). This survey identifies the 
fesponsibilities and requirements of va«iou8 DSN activities 
in terms of their database needs. We shall avail ourselves of 
its contents throu^out this paper in formulating our own 
recommendatiuiis. 

B. Some Important Administrative Activities 

In this discussion we will focus on some important adminis- 
trative activities of the Deep Space Network in order to 
determine a design for an information management system 
which will permit these activities to function efficiently, and 
which will give management tlie overview and knowledge it 
needs to do its job well. Because the totality of these activities 
is much too great for the sc^pe of this report, we will ca cen- 
trate on several important operations which span the entire 
organization. 

1. Engineering Chan^ Management (ECM). En^eering 
Change Management is a complex, far-«^aching DSN acti,ity. 
It is coordinated at present by a group in section 377 at JPL, 
directed by a Change Control Board, and involves a large 
number of personnel throughout the JPL/DSN organization. 
The process of instituting an engineering change involves the 
initiation of an Engineering Change Request (ECK). This 
request is carefully assessed by representatives from all other 
systems that might be affected by the change. The assessments 
then brought before the Change Control Board, which 
passes judgement on the request. The request may either be 
denied, approved, or sent back for further evaluation. Once a 
request is approved, one or more Engineering Change Orders 
(ECOs) are issued to design and implement the change. Each 
ECO is then planned in ietail, with costs and scheduler devel- 
oped for each phase. At uiis point the evaluation phase is 
complete and tlie design and implementation phase begins. 

During the design and impierien ration phase the ECM 
group functions to collect status information about the actual 
sched e performance, and to alert management if a.iy resched- 
uling will be required. A general awareness of the progress of 
the ECO is needed by everyone involved, including logistics, 
maintenance, and mission planning personnel who need to 
know when the installation will actually occur. As the Aaron- 
Ross survey points out . . an ECR has the potential to affect 
nearly every aspect of DSN operations and support, ranging 
from mission performance analysis to spare parts provisioning 
and from maintenance personnel scheduling to DSN utilization 
forecasts. As a consequence, there is a large constituency of 
personnel, witli widely varying needs, all of whom absolutely 
requiie or can benefit by a conveniently obtained status and 
schedule foi.cast for ECOs. 
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Whoi the design and implementatioa of the ECO are com- 
plete, the instaDation at the tmddng sites begins. The schedul- 
ing of the installation the equipment must be coordinated 
with the tracking schedules, so as not to interfere with any 
mission, and yet be there in time for any future mtssicms 
that require it. There are also, in additicn, scune temporary 
ECOs whose removal must be scheduled siiiiilarly. When the 
equipment is finally installed and running, or when the tem- 
porary equi^anent is remov^^d, die ECO is closed out. 

The Engiimring Change Managenmntis cleariy an important 
activity, having the c^iabifity to affect the DSN in many ways. 
The data representing the ini^timi and assessment phases 
are of inters to a variety of people at JPL, while the data 
for tl^ development, implen^tation, and instrOation sched- 
ules may be needed by a variety of personnel thToug^out the 
entire organization. 

2. Equipment and Materials Managemmt. This DSN 
activity is responsible for the management of JPL property, 
DSN tracking equipment, repairable q>are parts, other mainte- 
nance spares, and consumables. Management of equipment 
and materials involves obtaining them in the first place (pro- 
visioning and procurement), keeping track of their location 
and status (inventory and control), and moving them from 
{dace to place (tranqiortation and shipping). These activities 
are distributea among several organizational elements at JPL 
and at the Deep Space Stations. 

3. Anomaly Reporting Services. The knowledge and con- 
trol of anomalies occurring from time to time throughout the 
DSN is an important activity for its well being. To this end the 
DSN has procedures for the reporting of various anomalies. 
Two categories of reports which ^tre processed are Discrepancy 
Reports and Failure Reports. The ultimate goal of these 
reports is to provide DSN engineering, operations, support, 
uid management information on which to make changes in 
equipment, technology, procedures, and policy. There are 
three basic activities connected with these reports. These are 
(1) filling them out, (2) validating, investigating, and analyzing 
them, and (3) summarizing the status of the anomalies to 
management. 

4. Other DSN activlti^ In addition to the three activi* 
highlighted above there are many more too nunterous t': i' 
These include lergy management, finanaal mana^' ^it, 
personnel management, scheduling, maintenance, production 
control, as well as activities that pertain to the tracking sites 
only, such as operations, repairs, maintenance and integration, 
cabling, etc. For each of these activities the efficient manage- 
ment of data is extremely important. 


C. QenerilfleqiibwneiMItoraDSNIiil^^ 
Management Sy^em 

There are three general requirements for an informatsoa 
management syston for the DSH. Fust of all, the ^stem must 
permit tte necessary interdiange of data between the vmom 
adminstrative activities, as wdl as between die various physica* 
sites of the organizatiem. Secondly, the system must dlow 
eadi of these activities to develop and function autonomous^. 
And, diirdly, the system must be c^iable of ewdving mere- 
mentally over time. 

1. Tile need for diariiig. There are some obvious rebtioi- 
diips between the various DSN tuaaagBmmt activities. For 
examfde, there is a natural interaction between d» ECU sys- 
tem, the equipmrat mmagement ^stem, and the wuunaiy 
reporting system. An ECO almost always wfll affect the 
equipment database. Eitiier new equqnnaat wfll be imaOsd 
or dd equipment will be removed, or both. Anomaly reports 
can and often do result in the initiation of an ECR. Further- 
more, the irnd^^tatimi of an ECO can r^t in anomalies. 
And so on. At present none of these interactions can take 
place automatically. Relationsh^ are maintained manually, 
if at an. 

In addition to the need for having activities share informa- 
tion, JPL management needs to have an overview of DSN 
operations. This overview requires the integration of data from 
separate sources within the DSN. JPL might need to know, for 
example, which stations have com{deted installation of ECOs 
for a given ECR, or it might need to compare the cost of the 
installation from one site to another. The ability to discover 
unknown relationships is also desirable. There is currently no 
easy way for management to determine if, for example, a 
particular piece of equipment causes the same problems at 
each site where it is used, or for two sites with the same prob- 
lem to benefit from each other's experience. 

To overcome, in part, this problem of management's diffi- 
culty in deriving composite information from various sources 
within the DSN, a pilot system is currently being developed at 
JP!. which will provide integrated data concerning DSN opera- 
tion>, maintenance, and repairs at Goldstone (Ref. S). This 
system, called the Productivity Information Management 
System (PIMS), will provide its users, both managers and 
management scientists JPL, a set of tools for manipulating 
data in a variety of way. Management scientists will then have 
the capability to develop and verify operations research 
models. The implementation of efficient operational policies 
can then lead to substantial savings and cost reductions. 
Because the data that management needs is decentralized, and 
stored in different forms, using different overall methodol- 
ogies, a major integration effort such as PIMS is presently the 
only way to provide the overvf. w so badly needed. 
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2. Tbe aeed for autosomy. In addition to the need for 
sharing infonnatkm, there is a ccMiOkrtiiig need for activities to 
remain autemomous. The various DSN management activities 
are separate and distinct apjdications. They have developed, 
and continue to develop, independently of each other, and are 
under autonomous local cmitrol. Int^rating the data from 
all of these activities into a sin^e centralized datab^ is 
restrictive. Local control of the data is an importuit aspect of 
the DSN, as is the independence of one activity from another. 
It is, therefore, neither desirable nor practkal to develop a 
spedfication of the totality of operational data for the DSN 
and to design a logically centralized iatabase. 

3. The need for evolvalnlity. Cou|ded with the need for 
autoncmiy is the need for evolvability. Administrative activities 
evolve with the growth of the organization. Some functhms 
are replaced, others are added. The information management 
of these activi ies must be capable of evolving also. The data- 
base must at aU times be an accurate reflection of the organiza- 
tion. It must therefore be dynamic, capable of changing and 
growing as the DSN changes and grows. 

Evolvability of the information management ^tem is 
important for financial reasons also. Funding comes not all at 
once, but in small increments over time. The information man- 
agement system must be capable of incremental development. 

Hi. Database Management Systems 

In this section wc consider available choices for database 
management systems in the 1980s. We begin with a brief 
discussion of data models. We then present a historical devel- 
opment and description of Oatabise management system 
architectures. 

A. Data Models 

A data model is an abstract representation of the informa- 
tion content of the database. As such, its main function is to 
insulate the user from the implementation details of the data- 
base. Typically, the data in the database is represented using a 
''conceptual*' schema, which is an instance of a given data 
model. (The relationship of database schema to data model is 
analogous to that of a pn^ram to a programming language.) 
The data model provides both data structures for representing 
data and operations for manipulating them. The three best 
known data models are the hierarchical model, the network 
model, and the relational model. We now give a brief descrip- 
tion of each of these, and site some of the more well-known 
implementations of each. 

I. Hierarchical data model. In the hierarchical data model, 
the data are represented using trees and links. One designated 


record type occupies the top node of the tree, whfls its depaw 
dent record types are at nodes on lower fevMs of the tiee. The 
links connect occurrences of these records. These stmetwes 
model one^o-many lektioiidiips, sacs every dependent 
record can have at most one parent record. As an flhstratiaa 
of the use of this model, let us consider the canonical example 
of sui^diers «ul parts. To represent the rehtfonsfaip of snp- 
phers to parts suppfod we would have a forest of trees, witha 
particular supfdier at the top of each tree, mi the parts sup- 
plied by that supplier at the nodes on the mxt leveL 

Some of the longest established database management sys- 
tems adopt the hierarchical approach to data orgnizatkn. 
These indude tte Infovmatton Management System (IIB) of 
IBM, System 2000 of MRl, and Mark IV of Informatics. 

2. Network data modeL Many of the relattondiips inherent 
in a database are not <me-to-mmiy, but many-to4iuny. To 
capture these kinds of relatkaidups a m<»e general structure, 
called a network, was introduced. A network can be viewed 
as a graph containing no<tes and bidirectional finks. Ahhougli 
this allows more flexibility tha ' the hierarchical model aid is 
more efficient in some cases, it is considered more complex. 

The most important example of netwoik systems is pro- 
vided by the proposals of the CODASYL Data Base Task 
Group, DBTG. Two commercial systems based on these pro- 
posals are MIS 1100 by Univac, and IDMS by Culfinmie. 
Other network systems indude TOTAL by Gneom, an * IDS 
by Honeywell. 

3. Rdatioiial data model. In the relatkMial model data are 
organized into tables, called relations, which dosely corres- 
pond to traditional files. The rows of a table correspond to the 
records of a file, and the cohimns correspond to the twins of a 
record. Associations between the rows are represented solely 
by data values in columns drawn from a common domain, or 
pool of values. All of the information in the database, entities 
as well as relationships, h represented in a single uniform 
manner, namely Li the form of tables. This uniformity of data 
representation results in a corresponding uniformity and 
simplidty in data operations. 

In contrast to the hierarchical and network models there 
are no interrecord links in the relaticnaJ model. This feature 
gives the relational model an independence from the under- 
lying phycical realization of the database. The physical depen- 
dence of the hierarchical and network systems stems from the 
encouraged association between the physical access paths and 
the logical intenecord links. The absence of such links gives 
the relational model an added degree of flexibility. 
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Relational systems aie histoiicatty tlie most recent. Some of 
the better4mown rehtiooal systems are SQL/DS (System R) 
ami Queiy-By-Example from IBM, INGRES from Reiatiooal 
Techiioiog>\ NOMAD from Natioiial CSS> ORACLE from 
Relational Software, and ENCOMPASS from Tandem. 

4. Semantic data aaodek. In addition to the three conuner- 
dally avaiUMe data tnodds described above, there have recently 
been developed some higher4evel models winch allow the 
meaning, or semantics, of the database to be incorporated 
more completely into the schema. These models differ from 
the record<oriented models above by employing constructs 
that are more user oiiemed. such as objects, types of objects, 
aid attributes of objects. 

There are many semantic modeb currently in use, but their 
usage is mainly academic. That is, there are no direct imple< 
menutions of any of them as products. Some of the more 
well-known of these modeb are the Entity-Reiationship Model 
(Chen 1976), the Semantic Database Model SDM (Hammer 
and McLeod 1978), the Extended Relational Model RM/T 
(Codd 1979), and the Event Database Model (King and McLeod 
1981). 

B, DBMS ArcMtaclitfes 

It b useful to dassify databa^ according to whether they 
are logically and fdiysically centralized or decentralized. Using 
thb framework, four classes of data base architectures can be 
identified. Logically centralized and pliysically centralized 
databases include conventional integrated databases. Logi- 
cally centralized and physically decentralized databases 
include ^^distributed datat>3se$*\ as ws.ll as a number of recent 
approaches to composite database support. Logically decen- 
tralized and physically centralized or decentralized databases 
are the domain of federated databases. 

I. Logk^y centralized, physksOy centralized systems. 
Nearly all database management systems in use today, includ- 
ing all of those mentioned in Section Ill-A. manage databases 
that are both logically and ph>sically centralized. This means 
that a single conceptual schema, derived from a formal data 
model such as the ones mentioned above, is used to structure 
all of the da^a v the database. It also means that alt of ihc 
data in the dat c are stored in one location. There are three 
main reasons for integrating data thusly. from separate sources 
and varying applications, into a unified, coherent whole. One 
reason is that duplication of tlic data from one source to 
another is greatly reduced. The second is that the data becomes 
logically and physically independent of the application pro- 
grams that use it. This means that the physical details of data 
stoiage and access methods are handled b> the system. The 


entire GoOectk» of data fan the oigaaiiation b now an hnpor- 
taat raoiiroe, easy to aooesa and use foz a nriaty of #paise 
ypikations. The third reaaon is that dw data ara now under 
oootiol of a oentrafod authodty, who makes dadsions for 
the good of the oiganteatfon as a whole rather than any one 
application. 

2. Laglcaly oentiaHned, physicrily d e cjr.ntiaii a B d ^f stwm 
The advantages of integrated databases were widely lecogpiiaed. 
However, in some ai^dkatioas^ the organization itself is geo- 
graphically distnlmted. Havii^ the data stored in one oantrri 
location means high communications costs and dagradad sys- 
tem performance. Therefore, the next step taken In DBMS 
research was to take the data in a logicMIy oentiaiiied data- 
base and physicaily dtstribute it among the various nodes of a 
computer network. Thb physical dbtiBiiition b tocdOy tzans- 
parent to the user of the ^rstem. That b, to the user of the 
database it b as if aB of the data were in one place. The svs- 
tero's performmoe b impfoved because the data b Mc&ted 
where it b accessed most frequently. Dbtifoution of the 
uatabase to optimize paraSel processing beemnes a key iesiffk 
issue for distributed systems. Another key feature of distri- 
buted systems b the possibility of incieased reUMulity. A 
company can reduce the disaster of a computer failure by 
duplicating the data at more than one rite. These features of 
dbtributed systems make them highly desirable for many of 
todays application environments. Therefore, much research 
and development on dbtributed systems b currently taking 
place. Added complexities involving consbtoicy of redundant 
data, recovery from a failure at any rite, and control of con- 
current processing pose some difficult research problems. 
Rr<^!otypes have, however, been built, most notably SDD-I 
by Computer Corporation of America. It should not be long 
before a dbtributed DBMS will be commercially available. 

3. Logkaily decentralized systems. Both conventional 
and dbtributed systems, though they differ in their physical 
realization, are logically the same. A single conceptual schema 
defines all of the data in the database, and the control of the 
database b centralized, even though the data may not be. Thb 
can pose, and has posed, some problems, it has been, in some 
environments, very difficult to integrate data from many 
applications because the views they have of the data are 
different. Logical centralization can force the coupling of 
data where the retention oi some individual autonomy is 
desirable. Each user of a centralized system b forced to 
surrender the control of the structure of his data to a central 
authority, who has the task of organizing all of the parts 
into a coherent whole. This can have drawbacks. Many individ- 
uals are very reluctant to relinquish control of their data, so 
much so that many an attempted database effort has failed 
for this reason. Even where this is not the case, centralized 
control often creates a large bottleneck through which all 
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requests foi dungte must |>ass. Changes, therefore, occur 
rehictanUy md slowly, resulting in inaccuracies and anach- 
ronisim in the database. In addition, the inb of the central 
authority is an enormous one. for this pcrsim (or persons) 
must understand every aspect of the organization thoroughly 
m order to model the data well, and must also have a thorough 
knowledge of DBMS software. The database administratoifs) 
must choose a design tor the system which optimizes usage 
for the whole collection of users, a design which, however, 
is often much less than optimal for any one user. Thus, the 
benefits of integration can have a very high cost. 

The notion of a federated database architecture was intro- 
duced to remedy these probkins. A federation is a union of 
two or more logically decentralized sources of data which may 
be. but need not be. physically decentralized. The essential 
difference from the systems above is the logical decentraliza- 
tion. The individual components of a federation remain under 
auionomous local control with, however, a certain amount of 
sharing and coordination. One component of the federation is 
distmguishcd as the federal controller. It keeps track of the 
topology of the federation, and aids in the entrance or depar- 
ture of a component into or from the federation. The compo- 
nents themselves, through the communications facilities pro- 
vided by the federatkm. define the system and negi>tiate their 
interactions. Each component has its own schema, which 
states ^icK of its data is private and which i$ to be sliarcd in 
the federation. Individual members of the federation may 
change tntenially so long as theu interface to the fedetation is 
maintained. The federated architecture is both dynamic and 
modular, with components coming and going at any time. It 
therefore cames with it all of tlie well-known benefits of 
dynamic modular systems. 

The research on federated .systems is relalivdy new. and to 
dale there is only a small working prototype at the l^niversity 
of Southern California. However, as a compromise between 
total integration on the one hand and total autonomy on the 
Ollier, it IS highly desirable Um many of today's applicatums. 
In addition, the trend today away from large mainlrame 
computers toward networks of smaller machmes makes the 
federated approach to database organization particularly 
appropriate 


IV. A Database Management System 
for the DSN 

In this section we bring together the requirciiKnts of 
Section 11 and the system characteristics of Section III to 
recommend a system tor the DSN. We then describe in Si>me 
detail the nature of this system. 


A. A F^darrtBd System tor ttie DSN 

In choosing an archilectuit for the DSN we must satofy 
the thiee previously slated requiraments. These aie (I) applica- 
tions must be able to shaie data and actmtle8;(2) appUatkms 
must retain individual autonomy and control of their data; and 
(3) applications must be abks to change with time. 

Logically centralized ^tenis fail to meet the second 
requirement. If we weie to adopt a centralized database 
architecture for the DSN. all of the data from aD of the 
apphcaiions would have to be under centralized control. As we 
have seen from the examples in Section II. this is impractical. 


Logically centralized systems also do not meet our third 
requirement very well. Because at any one time the totality of 
the database must be represented in a single logical schema, 
changes in the database require a redesign of the schema. 


The characteristics of federated databases, on the other 
liand. seem to be perfectly matched to the needs of our DSN 
environment. Federations allow for local autonomy, while 
facilitating the sharing of data and activities. Federations are 
also capable of evolving over time. Let us take a closer look at 
what a federated information matiagen.ent system for the DSN 
would be like. 


I. The iapaiogy of Che fedetation. The components of a 
federation are die logically autonomous units of an organiza- 
tion that sometimes need diare data or jointly to pcrt'orin 
Si)ine action. In the case « ? DSN. these components are 

the various administrative .les described earlier, such as 
Engineering Change Manageu..^tit. Equipment and Materials 
Management. Anomaly Reporting. Repairs. Cabling, etc. A 
distinguished component, whicli can be distributed among the 
sites or be resident at JPL is the federal dicuonary. whose 
task It IS to record the topology of the federation. The diction- 
ary acts in cstablislung. maintaining, and terminating the 
federation, as well as in monitoring structural changes. 

ILach application that needs autonomy, whether it be 
ECM or Repairs or anything else, will be a logical component. 
Some of these conrponents will reside on the same machine, 
others may reside at other NIM nodes, while still others may 
be distnbuted througiiout the NIM computer network. The 
degree and nature of sliaiing and ci>operation among these 
'unents will be expressed in the component schemas. 
The federation provides an integrated set of intercomponent 
communication facilities. These are data importation for data 
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shaiing, message passing for transactkm sharing, and negotia- 
tion for cooperative activity. 

2. Hie oompooeiit sdiemaa. Each component of a federa- 
tion is a logical entity having its own compmient schema. 
This schema describes tlw mformatum of cnooem to the 
oomponent a^id has three parts: an export schema, which 
specifies the infoimatioo it is wdhng to share with other 
components; an import schema, which specifies the infor- 
mation in the federation that the cmnponent wishes to access; 
and a private sctona, which specifies local informatioo, which 
the component is unwilling to share at afl. 

The export schema for the ECM ctunpcment would likely 
contain roost of its data, since ECM is a network-wide activity. 
Its import schema would contain the items exported from the 
equipment database, cablmg database, anomalies database, and 
possibly others. Other compcments, such as Repairs, would 
have a larger i»ivate schema while exporting relatively less 
information. The actual content of these schemas wiU be 
decided throu^ the negotiattcm mechanisms of the federation 
according to the needs of the components. 

It is highly possible that one component importing data 
from another wiU need to have a different view of the data. 
The federated model also provides operators for deriviiig both 
types and attributes. This means that is is not necessary for 
compmients to agree on a common view of the data for shar- 
ing to take place. 

The federal dictionary component is the repository of 
information global to aU components, which includes infor- 
mation describing the structure of the fedenitkm. Its import 
schema is used to collect this global information, while its 
export schema is used to share it with the other components. 
Any component of the federation can find out from the 
dictionary what components currently constitute the federa- 
tion, and how it may communicate with them, as well as 
obtain a summary of the kinds of information available. 

3. The data model. The federated architecture requires a 
common data model to be used throughout the federation, 
although a component may use any data model of its choice 
for internal use. Each component uses the federation model 
to define its export, import, and private schemas. The federal 
dictionary component uses the model to define the structure 
of the federation. 

While it is poss e that any data model could be made to 
work as the federation model, a semantic model, such as the 
Event Database Model (Ref. 4) is preferable because many 
kinds of relationships between the data can be represented. In 


addition, sanoe the model is not tied to my particular idiysteal 
lepresentatioo, the underiysig physical inqdeniefitaticm ot the 
database can change withcmi . 'ectmg its k^lcal exptessim. 

If the log^ components of the federatkai use a different 
model than the federation mortel, a translatioii can be made 
between the two. This is impwtant if components are to be 
managed with DMIS software commercnBy availahte to<faiy« 
Because of the simplicity and structural mdependoioe of the 
lelatimial model, it is the best commercial du^ availaUe 
today for the components to use. 

B. Evolving tlieFMertfion 

One of the advantages of ad<H>ting the federated a|^»oacfa 
to database organization is that the database can be developed 
incrementally. Components can come sito m depart from 
the federation at any time. A cmnponent cm also c hang e 
internaOy, so long as it supports its interfeoe to the federa- 
tion. This evohrabOity is particulariy aporc^mate for the DSN, 
as funding is easier to obtain in increments. The federatkm can 
grow both within the NIM system and beyond. 

1. Within the NIM. The extendibility of the federated 
architecture means that as the NIM cmrununications and 
hardware expands, so does the federated informaticm manage* 
n^t ^stem. The federation for NIM can evolve from the 
components themselves. They will each express their own 
export, import, and private schemas, and will use the negotia- 
tion mechanism of the model to achieve a desirable configura- 
tion. This configuration need by no means be statk. Compo- 
nents can negotiate for their entrance or removal from the 
federation, as well as lestructure themselves internally. This 
means that as new applications are added to the NIM system 
they can easily become a part of the federation, and assures 
that the federation will always be an accurate model of the 
apf^kation environment. The basic ones of auton<miy and the 
patterns of interaction are the governing design principles to 
be embodied. 

2. Beymid the NIM. The federated architecture can also be 
extended to include components outside the NIM assembly. 
This is particularly desirable, for the OSN needs to interact 
with various JPL institutional systems from time to time. 
These include institutional systems for financial management, 
personnel management, property management, work sched- 
uling, mission planning, etc. A higher-lcvet federation, one 
with the NIM federation as one component (the OSN compo- 
nent) along with these other in«‘titutional systems, can be 
envisoned. The principles of design are the same. All u&at is 
needed is the necessary hardware and communications to 
link them together. 
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V. Cofi^MWisim of an AttemaAive Choice 

In this Huai section we consider a proposed alternative to a 
federated system. In our evaluation, we focus on two basic 
features. The first of these is the desirability of a general- 
purpose vs a special-purpose system. The seauid is the desir- 
ability of a dynamic vs a static system. .Mso, the life-cycle 
costs of both choices must be conddered. 

The database system now under consideration for the DSN 
is a system of separate, uutependent databases for each af^li- 
caticni on the NIM. This approacii is an electronic counterpart 
of the situation that exists now, and can be adiieved with little 
research or developmaitt effort. As before, each application 
will own its data. However, because of the communications 
provided by the NIM network, any apfdication wiD be able to 
peruse the frtnn any other application's database. Never- 
theless, one apidkation will not be able to use the data in 
another database without writing a program to incorporate 
that data into its own system. The imported dat*^ will iiave to 
be duplicated, interpreted, and restructured before it can be 
used. Composite informatiem will still be extremely ditlicult to 
obtain. This is because each application will have data in 
different and incommensurate forms. Hie task of utilizing 
these different views of the data is not trivial, and standardiz- 
ing these views is tantamount to centralization. In addition, 
keeping redundant copies of data creates a problem of consis- 
tency with updates that must be dealt with. The costs of 
dufdicate storage space, and of time to transmit copies back 
and forth across the network must also be considered. 

While it is true that the interactions provided by the fed- 
erated model can be realized on a case-by-case basis by means 
of ad hoc application programs, this can become extremely 
costly in the long run. For, as the number of components 
increases, the cost of application software to tie them together 
grows geometrically, whereas the cost of the federated soft- 
ware stays the same. The federation provides a general-purpose 
system for maintaining autonomy while facilitating sharing. 


The distinction between the ad hoc alternative approach and 
the federated approadi Is the distinctkio between graeraiity 
and flexibility on the one hand, and specificity and rigMUty 
on the other. 

Also, if it were possible to state at any one time aO the 
ways in which the data are to be diaied unongst the users oi 
the NIM then one could implement the necessary programs to 
do this. However, obtaining such a spedficatioa is unrealistic. 
Changes are a fact of life, and the ability to respond to dianges 
is ** highly desiiable feature, saving mudi cost over the years. 
Only a federated system offers the ability to change these 
interappUcation, intercomponent relationddps dynamically. 
Therefore, it is the life<ycle cost of each ahemative that 
must be compared. The added time, effort, aid dollars neces- 
sary to impiement the federated informattmi managanent 
system, from first principles, is more than hkety to pay for 
itself as time goes by. 


VI. Conclusion 

In this paper we have examined several key DSN adminis- 
trative functions. We have seen how these activities need to 
have a data management system whndi wiii allow them to 
retain their individual autmiomy and which will also aDow 
them to share data. We have also seen that these activities 
need to be able to grow and change independently of each 
other. They therefore require a data management system 
that is dynamic. 

We feel that the federated approach to database organiza- 
tion IS particularly appropriate to this atuation. We also feel 
that the benefits of implementing it far outweigh the costs. 
The development of a federated information management 
system is an ambitious undertaking, but one worthy of such 
an important organization as the DSN. The results are very 
exciting to contemplate. 
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CONSCAN was previously recommended for implementation in the Antenna Control 
Assembly. This article presents specifics of this implementation, including calibration, 
signal cleanup, and system protection Equations for programming the algorithms are 
provided. 


I. Introduction 

Reference 1 discussed the merits of several automatic track- 
ing techniques, and concluded that CONSCAN (conical-scan 
tracking) was most desirable for DSN antenna application. 

Additional effort was necessary to develop the equations 
and algorithms required for the implementation of CONSCAN. 
This article provides that detail as the final phase of the study 
involving automatic tracking techniques for the Antenna Con- 
trol Assembly (ACA). 

This report presents the detailed analysis and instructions 
for implementing CONSCAN into the ACA. 

II. CONSCAN Algorithm 

Scan deviation may be defined as deviation of the antenna 
beam axis from the antenna borcstght axis. The deviation is 
resolved into two orthogonal components called elevation and 
cross-elevation. Let 


= elevation deviation 
X(k) = cross-elevation deviation 
A{k) = azimuth deviation (or hour-angle deviation) 

= antenna elevation (or declination) 

~ antenna azimuth 

To maintain cross-elevation deviation constant with elevation, 
the azimuth deviation must vary with elevation angle: 

A{k) = X(k)stcE^j^.j. (1) 

From Fig. I , the scan equations are 

E(k) = R sin cj ^ A (2) 

X(k) ^ Rcosu}k A (3) 
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* ^PRED 


(o = scan rate in rad/'s 
= 2nlP 

P = scan period* s 

R = scan radius, deg (Fig. 1) 

k = no. of units of A (constant) 

A - time between updates (for data samples) 

Hence, having chosen the time between updates, and indexing 
time by the number^, the scan deviation may readily be 
computed. 

III. Antenna Pointing Angie Equations 

The components of the antenna pointing angles, 
and are calculated for two cases, CONSCAN OFF and 
ON, (Refer to Fig. 2) 

(1) With CONSCAN OFF, 

where the subscripts are 

ANT = actual antenna command 
PRED = predicted value from ephemerides 
TAB = value from systematic error correction table 

and where, 

5^ = total correction for elevation 
5^ = total correction for azimuth 
= S^. sec E(k) 

= total correctu n for cross-elevation 

(2) With CONSCAN ON, 

" ^PREO '^^E ( 6 ) 

~ ^PRED^ 


+ Jr^(^)sec£^^ (7) 

where E^ and are the latest (kih) correction in elevation 
and cross-elevaticm, respectively. The predicts for azimuth and 
elevation are calculated from the spacecraft ephenreris or from 
the known location of a radio star. The Correction Table is a 
set of stored corrections and provides a first-order correction 
to previously measured systematic errors. 


IV. Coordinate Correction Algorithm 

Reference 2 derives the expressions for corrections in each 
coordinate. These corrections are given in integral form, but 
are modified to conform to digital processing requirenients by 
expressing them in summation form as follows. 


= G 22 Wsin(«*A + 2) (8) 

SCAN k 

Xc = G ^ K*)cos(caitA + Z) (9) 

SCAN k 

where F(^) is the kth edited signal samfde, 

G = gain 

Z = phase shift 

The phase shift Z is required because of mechanical (diase 
lag of the antenna response and the phase lag of the AGC or 
radiometer averaging. The gain G and the phase shift Z must 
be calibrated for each antenna configuration and signal source. 

The values of E^ and may be determined by one of the 
following approaches: 

(1) Brute Force correlation. 

(2) Fast Fourier transform. 

The Brute Force approach is simple and is indicated b> the 
nature of expression. All that is needed is use of a sine and 
cosine lookup table, multiplication, and accumulation. 

The fast Fourier transform (FFT), althou^ it requires 
more computations, provides more information as a bonus. 
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Analytically, the resultant correction parameter K, having two 
components and is expressed as 

00 ) 


V. Traddng Signal Cleanup and Protacdon 
During Track 

Reference 1 proposed s^nal deanup and protection 
schemes both for radio sources and spacecraft. 


where / is the square root of - 1 . If we use Eqs. (8) and (9) and 
DeMoivres theorem. 


Y 




^ ( 11 ) 


This is the K(l) term of the discrete Fourier transform, gener- 
ally computed by the FFT. The transform is 

y(/V> = Ge^ ^ (12) 


The term ^(1) gives pointing error. All terms for A^> 1 arc a 
measure of anomalies. For example, ellipticity in the antenna 
beam will give a very small but finite contribution to Y{2). 
NormaDy , all Y (N) for yv > 2 will be very small because V(k) is 
usually nearly constant. When V{k) has a glitch due to receiver 
dropout, interference, or a step change of signal such as a 
spacecraft transmitter mode change, then y(yV) for > 2 can 
be much larger than y(l). Thresholding can be done on a few 
values of Y{N) to detect anomalous conditions in order to 
reject potentially absurd calculated “corrections.” 

The number of signal samples per scan must be chosen to 
be a power of 2 in order to directly use the FFT. For example, 
the conveniently sized 512-point FFT provides a scan of 51.2 s 
when a signal sample rate of 10 Hz is used. 

The steps followed in using the FFT are: 

(1) Using the V{k) values for a scan, calculate Y{N) by 
performing the above summation (Eq. 12), for several 
values of N, say 2, 3, and 4. 

(2) Compare each K(A0 thus computed to preselected 
threshold. If the threshold is exceeded, the correction 
for this scan is rejected. The threshold that is chosen 
should be small: it should be on the order of the scan 
radius. However, it should be large enough to allow the 
second harmonic generated as a result of elliptic cross 
section of the beam to be ignored. The rejection rate 
due to glitches and other spurious content of y(A0 
should be less than 5 percent. 


The signal inputs are (1) square law detector output for 
radio sources and (2) AGC (Automatic Gain Ctmtrol) voltage 
for spacecraft tracking. The anomalies that are likely to occur 
that will affect the received signal power e listed as 
follows: 

(1) Signal dropout due to momentary receiver dropout 
(out-of4ock), operator enor or some unexpected tran- 
sient (glitch) in the receiving system. 

(2) Orange in spacecraft transmitter or antenna mode. 

(3) Spacecraft antenna pointing direction change with 
spacecraft limit cycUi^, or some other change on board 
the spacecraft causing variation in the downlink signal 
strength. 

(4) fai the case of spin-stabilized spacecraft, modulation in 
the signal level due to spin rate. 

Testing is a very essential part of signal processing. Since 
the data processing requirements are low and the penalty for 
spacecraft data loss is higjh, tests should be made as frequently 
as possible. 

When traclc^g radio sources, a single receiver dropout 
sliould cause a scan correction to be skipped. Further, 
expected signal level should be compared to observed AGC 
level as another check. AGC can be calibrated at known signal 
levels, and/or by feeding the expected signal level to ACA. The 
apparent signal level is continuously compared with the 
expected (predicted) signal level, and, if deviation is greater 
than 1 or 2 dB, that scan is rejected. 

However, if there is a slow cycling of signal level, a strai^t 
line connecting the last and the first point may be subtracted 
to determine the difference in signal level. 

Hence, ignore scan if 

1 V(k) - expected V(k) \ > threshold (13) 


This is the condition of ou! o f /ork;ifcyclingOow) is expected, 
the straight line test referred to above is analytically expressed 
as, 


y(k)- 


m) 


k- K(0) 


>Th 


(14) 
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where 


Th - threshold (1 or 2 dB) 

= number of points in scan 

For testing of radio source tracKing anomalies, the system 
temperature and the expected radio source temperature should 
be provided so a check can be run. This will entail a precise 
setup for the radiometer gain to ensure accurate comparisons. 
A table of temperatures for common radio stars could be 
easily stored into the system memory. 

If T is the system operating temperature and the radio 
source (expected) temperature, the scan should be ignored if 

scaled (15) 

or 

scaled [V{k)] > + 7’^ + margin (16) 

There is the very real likelihood that, even though signal 
level is continuously and carefully tested, an unusually large 
correction may sneak th»^ough. Thus limit tests become neces- 
sary. These may be categorized as first limit and second limit. 


T«-F/lnT (17) 

Define 

r = 1 - M (18) 

where h in Ref. 2 has been defmed as '^electable** gain and P » 
In/ijjnt 

i4 is a parameter readily measurable by use of expressions 
1 1 through 21 (Ref. 2). Equation (19) of Ref. 2 expresses it as 
(for radiometer) 

A = CBT^g*{R}Pl2 (19) 

where C is a constant representing receiver gain, and B is the 
effective band width: 



(1) First limit: If the desired correction exceeds the first 
limit, correction only to the extent of the limit value is 
to be made. Examples of limits that could be set as first 
limits on elevation and cross-elevation are 

(a) For S-band,0.015 deg 

fb) For X-band, 0.005 deg 

If the next correction has to be the same limit (because 
it is equaled or exceeded), no correction should be 
made; instead, a warning is generated. 

(2) Second limit: If the desired correction exceeds the 
second limit, no correction is made; instead, a warning 
is generated. Example limits for elevation and cross- 
elevation that could be set are 

(a) For S-band, 0.030 deg 

(b) For X-band, 0.010 deg 


with \H(f) 1^ the power gain, and 


g\R) 








A. 

d0 


0-R 





= -2 



( 21 ) 


R as used above is the scan radius and tv is the antenna 
beamwidth between half power points. 

u * 4 In 2 = 2.773 (22) 


VI. Antenna and Signal Source Gain and 
Phase Calibration 

Referring to Eqs. (8) and (9), we see the gain parameter is 
given by G. At tius time, an expression for G will be derived to 
enable calibration. 


From Eq. (18) above, 

Inr = ln(l - /l 4) aj -HA (23) 

substituting in Eq. (17), 


Tlie closed loop time constant T is given by iRef. 2) 


T = PlhA 


(24) 
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Thus, expressing after dropping the negative sign, 

A 

C(,.dion»«.) . 

For « acecraft, Ref. 2 (Eq. 101) has 

A = 

2w^ 


(25> 


(26) 


We vidil now discuss phase-shift calibration. Equations (8)» 
(9), and (1 1) above include the phase term Z. The phase shift 
is needed because 


(1) For radio source tracking, filtering in the radio neter 
causes a phase lag. 

(2) There is a filtering effect of AGt, during spacecraft 
tracking. 


(3) Phase lag of the antenna is a function of U;e scan 
period, e.g., for a 64-metcr antenra (Ref. 2) and 


where k* is found by calibration of the AGC slope. 

By using Eq. (25) and G - hAy 

G (spacecraft) = (27) 

k* may be calculated by using the derivation for fast AGC in 
Ref. 3, where in Eq. (12), the expression to be used is 

i ■<'» «8) 

where v{t) is the normalized voltage gain (Eq. (63), Ref. 2), 



(a) For a 28-s scan, Z = -30 deg 

(b) For a 58-s scan,Z = - 15 deg 

The required value of Z may be measured by the following 
means: 

(1) Assuming a nominal value of Z, CONSCAN the antenna 
to achieve boresight. 

(2) Open the control loop, and offset the antenna in one 
axis only, say cross-elevation. 

(3) If the nominal Z is correct, the correlation and hence 
the indicated correction will be nonzero in only the 
offset axis. 

(4) If Z is incorrect (i.e., if correlation is nonzero in both 
the axes), the correction for Z for the case of cro^s- 
elevation offset is: 


with s 0^ « (Eq. (63), Ref. 2) using Eq. (91) of 

Ref. 2. and Eq. (26) above. 


AZ = tan“' 


elevation correc ti on 
cross-elevation correction 


E 


c 


URP 0 . 

= h ^ 

2ow^ 


(30) 


a IS given in Eq. (3) of Ref. 3, and 0^^ is the symbol for 
elevition (cross-elevaiion) deviation in the kih scan. 

8.686 a = slope in dB/volt - S 


= lan~* 


E^ik) 


If the fast Fourier transform (FFT) is used for signal process- 
ing, the phase angle of the fundamental output K(I ) is exactly 
AZ. 


or 

k' = 1/a = 8.686/.S (31) 

Equation (27) above can be rewritten by substituting k* from 
Eq. (31) above, and m =* 2.773 


VII. Signal Source Acquisition Policy 

Predicted offset from boresight is expected to be within 10 
dB (X-band) initially. As this raises the possibility of large 
anomalies, a spiral scan for acquisition is recommended. 


G = 0.08.10S 


Aw' 


R 


To attain higlier accuracy in initial acquisition, three param- 
eters should be established. 
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(1) Beamwidth B in which acquisition is highly likely. 

(2) Hme T necessaty to make a decision. 

(3) Size of the search region. 

The procedure for initial acquisition is as follows (Fig. 3): 

(1) Dwell a* best guess for T seconds. 

(2) Move out ^/2 in one axis. 

(3) Dwell at that position for T seconds. 

^4) Traverse spiral until the search is complete (the spiral is 
discussed below). 


Another maybe simpler v ?y to a solution is to implement 
Eq. (3$) directly. Every T seconds, command a change in ^ at 
the rate 


At ^ RT 


with Ar = r. 


Ad » 



(38) 


(39) 


Using Eq. (33) now and substifiting Eq. (39), we have 


(5) Set the scanner at the point of maximjm signal level. 
Alternatively, one may stop when any signal is found; 
but this may be a side lobe. 


AR = 


B 

2v 


AO = 


2itR 


(40) 


The spiral search is done by arguing that for every 2?r 
increase in 0 there should be an increase in by B, Le., 


dR dS 
B 2it 


(33) 


The response to coimiiands every T seconds can be prevented 
from being jerky by choosing T/N intervals instead of T, with 
N such that smoothness results. Simulvaneously, AS and AR 
quantities can be attained in N steps. 


The coordinate system is shown in Fig. 3a. 

If the scan rate is at B radia« of scan velocity is, 


velocity = R 9 

(34) 

so if in r seconds the beam has moved by jn amount B, then 

iRO) T = B 

(35) 

solving cqs. (33) and (35), we have 


/ ^ 

¥ 

(36) 

Ht) = ~ m)-Rm 

(37) 

where 


0(0) = 0; R{0) = R^ 



VIII. Conclusions 

This report is intended to be the final one as regards 
investigation into CONSCAN and treatment of appropriate 
algorithms for signal cleanup and limit tests to assure its 
maximum accuracy and desirability. 

Tne treatment described herein is designed t^ lead to devel- 
opment of software for CONSCAN antenna operation includ- 
ing K band. Summarizing the recommended techniques to be 
employed in conjunction with CONSCAN: 

(1) For initial acquisition, employ stepped spiral search. 

(2) Employ continued and incessant testing of to 

verify: 

(a) ln4ock. 

(b) Reasonable in level. 

(c) Within limits. 

(3) Use FFT for signal pr''.es:«i 5 •• ♦ provide! 

more test*; .r j aisight into c jsten'e of f,iitcl s and 
spi) ' us content of the input signal level. 
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GCF Mark IV Development 
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This article provides an overview of the Mark fV GCF as it is being impkmented to 
support the Network Consolidation Program 


I. Introduction 

The Network Consolidation Program (Ref. 1) requires that 
the Ground Communications Facility (GCF) (Ref. 2) be up- 
graded in order to support the mission set of the eighties. The 
key characteristics of the GCF do not change appreciably 
the Mark IV DSN (see Figs. 1-3). The changes made are in 
the area of increased capacity rather than changing character- 
istics. Common carrier circuits continue to be the medium for 
data transfer. The message multiplexing in the I%!::rk IV era 
differs from the Mark HI era in that all multiplexing will be 
accomplished in a GCF computer under GCF software con- 
trol vs hardware multiplexing at the NASA Communications 
(NASCOM) level, similar to the multiplexing currently done 
in the High-Speed Data Subsystem. 

Ihe Signal Processing Center (SPC) a.>semblies will be 
controlled and monitored by the SPC Monitor and Control 
Subsystem while the Central Communications Terminal vCCT) 
equipments will be monitored and controUed by the GCF 
Monitor and Control Subsystem. The computers required for 
the Mark IVA will be composed of the Modcomp 11/25 com- 
puters currently in use by the GCF; their functions as rede- 
fined will require software changes. 


II. Digital Communications Subsystem 

The Digital Communications Subsystem perfornK the 
exchange of digital data between tl^ SPC and JPL using 
common carrier circuits. Because lease wosts of circuits are 
high, block multiplexing is used to allow sharing of the lines 
between projects. This suh^stem also does data routing 
either to the proper SPC or the proper user. To maintain 
high-quality ccnnmunication, enor correction by retransmis- 
sion will be used m the S6-kb/s duplex line, using an algorithm 
similar to the current algorithm used with high-speed data. 
Original Data Record (ODR) data logging will be accom- 
plished at the SPC. At the CCT, the capability for front-end 
^^rording will be continued. This subsystem interfaces with 
the Network Operations Control Center (NOCC) (for which 
it accomplishes data routing) and with the Mission Control 
and Computing Center (MCCC), the Remote Mission Operation 
Center (RMOC), and Project Operation Control Centers 
(POCCs). This subsystem also routes data to the Data Records 
Subsystem (see Fig. 4). 

The Digital Communications Subsystem « composed of 
five subassemblies. 
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A. Am^Routteg A stitmb ly (ARA) 

The ARA at each SPC is composed of two ktenUcai com- 
puters: one for prime and one for backup. The two computers 
are to be converted Communication Monitor and Formatter 
Assembly (CMF) computers (Fig. 5). The ARA assembly will 
provide regulation and control of data transmission. It will 
provide routing of data received to the proper link at the SPC. 
Low-rate data will be multiplexed on the 564cb/s duplex 
line. Data will be sent in 4800-bit blocks, though 1200-tit 
blocks wiD be available to the GCF users. 

B. Station Digital Connfiuinic«tlons(^X!) 

The SDC win consist of data transmission equipment includ- 
ing line interfaces, data sets. modenr4S. NEOs. CBs, digital and 
analog test equipment, and patch fadlitks for trouble isola- 
tion as well as a front-end line interface between the actual 
data sets and NED appearances (see Fig. 6). 

NASCOM Engineering will provide all data transmission 
equipment including data sets, modems, line interface circuits, 
and analog test equipment. The DSN/GCF demarcation point 
between the DSN/GCF Data Terminal Equipmoit (DTE) and 
the NASCOM Data Communications Equipment (DCE) will 
be at the uigitai uuerface to the data set or o:her such carrier 
equipment provided by NASCOM. 

C. C«iitral Digital Comrnunications(COC) 

The CDC in support of Mark IV-A will consist of data 
transmission equipment including line interfaces, data sets, 
modems. NEDs, CBs. digital and analog test equipment and 
patch facilities for trouble isolation as well as front-end 
digital line switches between the actual Digital Service Units 
(DSU) and Ute NEDs (see Fig. 7). 

NASCOM Engineering will provide all data transmission 
equipment, including data sets, modem. DSUs and common 
carrier interfaces associated with overseas SPCs. The DSN/GCF 
interface between the DSN/GCF DTE and the NASCOM DCE 
will be at the digital (V.35) interface to tfie NASCOM DCE 
provided by NASCOM. 

As part of the CDC implementation, a new digital line 
switch will be provided to interface 56 kb/s and/or 224 kb/s 
lines from each of the SPCs. The switch will provide appro- 
priate interface for 7.2 kb/s data sets as well as WBD (56 or 
224 kb/s) line devices. 

0, Errot Correction and Switching (ECS) Computer 

Four Operational ECS computers and one backup will be 
provided. The> will be converted from the present four ECS 
computers plus one former CMF computer. The prune func* 


tioas of the ECS computer are those of muMphnring, deaadtF 
ptexing, error correction, and data routhig(8ae 8). 

E. Network Comniiinh^ 

(NCE) Assembly 

One operatkuial NCE omnputer and one badnip w81 be 
provided. They win be the present two NCE oomimteis with 
imnor modifications (see Fig. 9). The NCE serves to interface 
the Network Data Processing Aiea (NDPA) Real-Time Monitor 
(RTM) and support computers directly with the Digital Dis|4ay 
Processors (M^) and with the outside world via wideband 
data lines (WBDL) to the ECSs. The NCE provides a communi- 
cation link betwem the ECSs and the subsystems of the VOCC 
in the NDPA. !t extmds the GCF interface to the RTMs md 
the support processor. 


IN. Analog Intersite Co mim m lc ations 

The GCF microwave presently on line at the Australian 
and Spanish locations wiU be decommitted on the compbtion 
of the front-end area (FEA) moves to the SPC locations. The 
radios currently in use between DSS 12 and 1 1 will be 
reused (see Fig. 10). The radios at OSS 1 1 will be (teemn- 
mitted and reinstalled at SPC-IO, and the antennas at DSS 12 
will be reoriented as required; the DSS 1 1 antennas will be 
reinstalled at SPC-10. Ihe multqdex and radio equipment 
will be configure*' in standard 8-foot op^-channel racks 
(not cabinets) sit at to the existing microwave racks. The 
additional equipment wiU be Collins 518-W radios and Collins 
MX 106 multiplex equipment. The existing path will require 
additional antennas to connect the additional radios. 

The computers at FEA- 12, being remote from SPC-lO, 
connect to a LAN imerface panel. Th<r interface panel accepts 
data from the computers and forwards the data via mkrowave 
to a companion interface panel at SPC-10. The computer- 
generated data are reconstituted and forwarded to the SPC 
LAN. Transmission in the opposite direction is siinilaiiy han- 
dled. Dual LAN interface panels and microwave channels are 
used for redundancy. 

The LAN interface panel will remote the LAN ports in the 
SPC to matching LAN ports available lo FEA processois. The 
link will be via microwave and will utilize a 56 kb/s channel, 
full duplex. The Western Union mica^wave link (IPLGold- 
stone) will be expanded to handle the Mark IV service. 


IV. Voice Conimunication Assembly 

The Mark IV voice assembly will be configured from the 
equipments currently used, namely the tactical intercom, 
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comm junction module, and station voice switch assemblies. 
There will be no changes required at the JPL end (GCF-20) 
(see Fig. 11). 

A new comrounicatkm panel will be developed for use 
with the new SPC consoles. Becai^ of the advanced age of 
the T^tkal Intercom Assembly (TIC) panels, a new circuit 
board will be developed to bring the system more in line 
with current technology. 


V. Teletype Communications Assembly 

The Mark IV teletype assembly will be made up of the 
equipments as they are ctmfigured at the present time. There 
are two basic services provided: 

(1) 110-baud service using teletype machines with the 
circuits routed by the NASCOM GSFC teletype (TTY) 
switch to the WCSC located at GCF-20. (This provides 
for normal administrative test message service.) 

(2) 3004>aud service, whereby the station personnel have 
access to the DSN data base located in the JPL Admin> 
istrative Comp**ter via an auto dialer located atGCF-20. 


VI. Monitor and Control 

One operational CX^M computer and one backup will be 
provided. They will be the present two CCM computers, with 
minor modifications (see Fig. 12). 

The GC*^ monitor and control subsystem is based in the 
CCM, whose mrgor functions include the collecting, processing. 


ttid dt^ying of real-time status and performance of the GCF 
subsystems. The overall monitoring of the CCT will be accom- 
plished via the CQ4 computer and its associated diqdays and 
via the central ctmsole. The CCM cmnputer will provide moni- 
toring of the status of all equipment of the GCF. 

Computer status reports, which do not deal with con0gura- 
tion but primarily with GCF perfonnanoe (error rates, trafik 
How, etc.), are formatted and forwarded to the CCM as stan- 
dard GCF data blocks. The CCM will provMe displays by 
means of the Grinnel di^day converter and the TV switch. 

A CCM line printer will be used for DRG IDR gap reporting 
and summary and p<»t-pass histories. Labels for tapes from 
the ECS and DRG computers will be printed on label (Winter 
terminets. The summary for the data channels and status and 
alarm messages will be printed on the consote terminet. 

VII. Data Records Generator 

Three operational DRG computers and one backup will be 
provided.They will be converted from the present DRG lineup. 
The chief function of the DRG is to provide IDRs that are 
recorded on magnetic tape. The program of the DRG is the 
only one that is mission-dependent (see Fig. 13). 

The DRG software will check each data stream for correct 
SPC. spacecraft ID, UDT/DDT, gkoss data description (GDD) 
block serial number (BSN), block hea^'er time, and error 
status code. During the pass, the DRG will detect gaps and 
output real-time gap statistics. These data will normally be 
output on a CCM display, but may also be printed. At the 
end of a pass, the DRG outputs a complete IDR report includ- 
ing gap list, via the CCM. 
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An Introduction to the New Productivity Information 
Management System (PIMS) 

R. Hull 

Teiecommunicattons Science and Enginaering Division 


This report describes the Frodturtivity Information Management System (PIMSf \riikh 
is being developed at JPL The main ob/ective of this computerized system is to enable 
management scKntists to interactively explore data concerning DSN operations^ mainte- 
nance and repairs, in order to develop and verify models for marmgernent fdanning. Thus, 
PIMS will provide users with a powerful set of tools for iteratively manipulating data sets 
in a wide variety of ways Most current database systems are designed to support a narrow 
range of predetermined types of queries. Thus, the design of PIMS includes unique, state- 
ofthe-art features. The initial version of PIMS wiU be a useful but small-scale pilot sys- 
tem. This report (1) discusses the rmnivation for developing PIMS, (2) describes the 
various data sets which wUl be integrated by PIMS, (3) d^etches the overall design of 
PIMS, and (4) describes how PIMS will be used. A survey of relevant databases concerning 
DSN operations at Goldstone is also irKhtded. 


I. Introduction 

The operation of the Deep Space Network (DSN) costs 
loughiy S59 mOlion a year.' The annual cost to JPL of oper- 
ating the facility at Goldstone alone is rou^ly $15 million, 
and involves some 215 contractor manyears (Ref. I). In this 
period of financial limitations, even incremental improvements 
m DSN efficiency yield important savings for JPL. and selec- 
tions between alternative implementations and policies can 
have substantial financial implications. These facts underline 


^ Th» includes the operation of the three deep space complexes and the 
Network Operations Control Center and the logistical and sustaining 
engineering costs Long-range planning for advanced equipment and 
future projects costs an additional S.^5 million. 


the utility and necessity of reliable, easily accessible mforma- 
tion about DSN operations and expenditures. This report out- 
lines the proposed development of a new computerized 
system, directed at providing convenient access to some of 
this information. Although only in the pilot stage* this system 
will provide very flexible access to an integrated, moderately 
detailed view of DSN productivity and costs. 

Several highly successful computerized information man- 
agement systems have been implemented at JPL over the past 
few years to facilitate various aspects of operating the DSN 
(e.g.. the Equipment Database and the Engineering Change 
Mana^ment Databases of Section 377. and the DSN Schedul- 
ing Database of .Section 371). Each of these systems was devel- 
oped to accomplish a specific range of tasks concerning a fairly 
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fiaiiDw aspect of DSN activity, in most instances, these data* 
bases were developed independently of the others. For these 
reasons, it is hard to use these systems to develop an integrated 
yet detailed picture of DSN operatitms and expenditures. 
Furthermore, it is difficult and cumbersome to obtain tnfor* 
mation of an ad hoc. nonroutine nature from these databases. 

To illustrate this point in dramatic but dearly oversim|di- 
fied terms, we present a brief analogy. Suppose that we vrere 
given (1) an alphabetical listing of all JPL employee and their 
office phone numbers. (2) a listing by section number of all 
the employees in each section, and (3) a luting, ordered by 
increasini telephmie number, of the charges accrued against 
each phc;ie during a given month. It is easy to imagine how 
such different lists could be generated by different groups for 
different purposes. Suppose nuw that a listing of the total of 
charges accrued agaiftst the phones in each section were 
desired. Qearly. it would be cumbersmne and timeconsuxning 
to provi<te such a listing. Speaking broadly, management 
scientists are interested in all kinds of ad hoc. nonroutine 
aggregate summaries such as this, and the existing DSN data* 
bases simply cannot provide them in a rapid, convenient 
manner. 

A second obstacle to developing an integrated view of DSN 
operations is that important information concerning expendi* 
tures is recorded in a variety of different ways. In fact, some 
ot it is not at present recorded electronically. For examfde. 
information concerning most of the activity of the Mainte* 
nance and Integration Unit at Goldstone is recorded and 
stored on paper. Furthermore, some information relevant to 
determining operating costs (e.g.. how many manhours are 
spent in transit between stations) has not. until recently, been 
recorded at all. 

As a first step in resolving this problem, a group working in 
Divisiun 330 (Telecommunications Science and Engineering) is 
currently developing the Productivity Information Manage* 
ment System (PIMS). The system will integrate data concern- 
ing various aspects of DSN operations. A distinguishing feature 
of PIMS v^l be the highly flexible accessing capabilities; users 
will be given todi for interactively manipulating and analyzing 
data sets in any way they choose. The initial implementation 
of PIMS is narrow in scope and will focus entirely on DSN 
operations at Goldstone. The system is viewed primarily as a 
pilot rather than as a full-blown, generai-purpose tool. How- 
ever. the system should prove useful to management scientists 
for the purpose of developing and testing management models, 
and to both managers and management sdenti.«ts for the pur- 
pose of analyzing current DSN operations and choosing among 
various future alternatives. The experience gained in imple- 
menting and using this pilot version of PIMS can later be used 
to guide futher expansion of PIMS. and possibly to provide 


impetus for die development of a condderaUy more oom|m- 
hensive information management system for the DSN. 

The aim of the current report is to discuss the motivatiem 
for develc^ing PIMS. to describe the various data sets vriikh 
will be integrated by the initial version of MMS. to briefly 
sketch the overall design of PIMS. and to indicate how PIMS 
will be used. In Section II the motivation behind PIMS 
discussed in more detail, and the long*range direction of PIMS 
is oMisideied. Section III presents an overview of the general 
capabilities of the initial verskm of PIMS, and Sectimi IV 
describes the overaO design of this initial version. In Sectioii V 
we describe two examples of how PIMS will be used to Inte* 
grate data and derive certain types of Information. And in Sec* 
don VI we conclude by indicating the current status of the 
effort to imi^ment PIMS and discussing some possible exten* 
simis of PIMS. Twu appendices are induded. The first presents 
brief descriptions of the m^or databases curr^tly maintained 
concerning DSN operadems at Goldstone. The second contains 
copies of several of the forms used to collect data for those 
databases, and dso examples of the outputs of some of them. 


H. Motivation tor Plus 

This section presents an overview of the motivations behind 
and objeedves of PIMS. As noted in the introduedon. the 
expense of operating the DSN is considerable. Thus, im(de- 
n^ntadon of efficient operadonal pdicies can lead to sub* 
stantial savings and cost reductions. In this period of financial 
limitadons and reductions, such savings gain even greater 
significance. 

An important tool in developing these cost-saving pdicies 
is studying the current operadon of the DSN. Indeed, as indi- 
cated in Appendix A. a wealth of data concerning DSN opera- 
dons is being recorded each week, and much of it is publicized 
through periodic imports or is directly accessible. However, the 
different data sets are recorded and maintained for different 
purposes, and their overall characters reflect these differences. 
For example, the Barstow Production Control (BPC) database 
(A4 in Appendix A) stores the manhours expended on compo- 
nent repain. retaining detailed manhour information for each 
component repaired. On the other hand, the Manpower Utili- 
zation Reports (A6). which record manhours expended in the 
actual operation of the antenna stations, list only the weekly 
totals of manhours expended in various categories. Thus, 
solely because of the nature of the actual data stored, it is 
inherently difficult to integrate information from the different 
data sets in a meaningful, useful manner. As n result, it is diffi- 
cult to analyze this information from the perspective of reduc- 
ing overall operational costs. 
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A second, distinct otetade to integrating DSN o|>eratkm5 
data is that the various databases are stored in different for- 
mats and use different overall methodologi^. On the one 
hand, some of the database such as the Scheduling and BPC 
Databases, use so]diisticated data storage and access routines 
written largely in assonUy language. Others, however, such as 
the Manpower Utiliiation Reports and Transfer Agreement 
Status Database (A2) are really file managenrent systems using 
simjdy formatted records. Data access for these is generally 
performed through the geiwration of a complete report rather 
dian throu^ response to a spectflc inquiry. And at the 
extreme, the Maintenance and Integration Work Orders (AS) 
are not stored electronically at all, but rather retained in their 
tmginal hand-written form. 

The PIMS effort is intended to be the first step in overcom- 
ing these two obstacles, ii: order that management scientists 
vnd managers can easily obtain integrated data cmiceming 
DSN operations. The uses of such integrated data abound. For 
exan^ple. the productivity. efHciency and expense of a wide 
variety of different activities could be determined and com- 
pared. Expenditures could be categorized in a variety of ditTer- 
ent ways to emphasize different aspects of DSN operations. 
(For instance, the total operational costs - including original 
investment, operations, maintenance, and component repair 
costs - of different subsystems or assemblies could be calcu- 
lated and adjusted for relative usag^ rates, etc.). Comparisons 
could be made between the starions. and between past and 
present operational policies. Finally, the numbers computed 
from this integrated data could be used as the basis for a 
variety of cost-reducing statistical studies. 

PIMS win also provide a second, distinctive type of access 
to integrated DSN operations data. Specifically. PIMS users 
will be given very flexible tools for iteratively manipulating 
the data in the systems. As a result, users will be able to inter- 
actively formulate queries which are based on the results of 
previous queries. Thus, it will be possible to interactively 
‘'explore” the data, and thereby discover anomalies or pat- 
terns of interest. 

To illustrate the usefulness of such flexible access to inte* 
grated data in more concrete terms, we bnefl> mention the 
Renter and Lorden study conducted in the late I970's (Ref, 2) 
The study analyzes data concerning the operation of DSS 13 
in an automated mode during the latter half of 1978 in order 
to determine whether that automated mode resulted in citst 
savings. Discussions with the authors of this study indicate 
that obtaining the raw data underlying their analysis was 
dilTicult and time-consuming, and that the depth of the study 
was restricted as a result. It is anticipated that the initiation 
and maintenance of PIMS should partially alleviate such 
difficulties in future studies. 


As cunendy enviaioned, PDIS w8l be i Btfroudy focused 
pilot system with three primary objectivea. These are (i) to 
provide access to integrated data conoemiiig a Umited portioii 
of ItSN qperatioiis, (2) to demonstrate the utility of a HMS- 
Uke system, and (3) to provide practical experience in the use 
of such a system. Thus, while PIMS wfll addrm itself to <mly 
a portion of DSN operations, it is expected to provide a firm 
basis for designing a more comprehensive PDiS^e system in 
the future. 

IN. Overview of PHyiS 

We now discuss the overall capabilities of the (initial veiskm 
of the) Productivity Infonnation Management System. In 
broadest terms, BMS will prowde interactive access to data 
crniceming the manhoun expended at Gddstone by three 
diffetent types of per«onnd (rqreratiofis, maintttiance and 
integration, and repair), and to (hta concerning **end user 
houn.” PIMS users will be able to make direct queries to the 
database, and can also create and manipulate sublets of* the 
data in a wide variety of ways. These access mecharUsms will 
make it possible to (I) derive specific informatioi^,and \Z) gen- 
erate tabtec listing averages and totals for virtually any cate- 
gorization of manpower expenditures. After this capability is 
fully developed, a mechanism for displaying these taWes in 
a simple, easy to understand format may also be incorpemted, 
as well as various statistical routu^. FinaUy, a capability for 
investigating causal relationships may be added to the system. 

A central theme in the design of the initial version of 
PIMS is to provide a simple, convenient user interface which 
allows users to perform virtually any manipulaticm on the 
underlying data sets, but whidi insulates users from the actual 
imi^ementation details. In this imnner, PIMS provides a 
powerful but easy to understand tod for performing virtually 
any data retrieval. To provide this capability, a mqor portion 
of PIMS is devoted to performing the routine and tedious 
detail work required in data processing as users specify various 
operations in a simple and abstract manner. Indeed, a major 
component of the preliminary version of PIMS is concerned 
entirely with such data management, and is completely hidden 
from the user's view. Specifically, this component performs 
the initial processing of raw data, which involves transforming 
data stored in a variety of different formats and locations into 
data all having uniform format. 

A final general characteristic of the preliminary version of 
PIMS is the modularity of its design. This modularity will 
make modifications and expansions of PIMS capabilities a 
relatively easy and painless task. In view of the role of PIMS 
as a pilot, and also the possibility that the raw data available 
to PIMS may change over time, this is a particularly important 
feature. 
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IV. Ovwali Design of PIMS 

In diis section we consider the overall d^ign of the initial 
version of PIMS as cuneittly being implemented. 

Itie global design of PIMS is shown in Fig. 1 . The system 
has two primaiy modules, one for data input and one for data 
output. The data input module uses the raw data to generate 
files which contain records of a certain kind, called ^event 
records.** The data output module supports interactive access 
to these files of event records. 

Event records are intended to store information concerning 
individual Events'* invdving the expenditure of manhours. 
Examples of events include the performance of a single preven- 
tive maintenance task, die repair of a single component, and 
the operaticui of a station during a tracking pass. Various 
parameters concerning events are stored in event records. For 
example, these include the type of activity, the number of 
manhours expended, the end-user benefited (if any), the sub- 
system and assembly invdved (if applicable), and the preven- 
tative maintenance number (if applicable). 

Referring to Fig. 1 , we now describe in turn each of the 
modules and ctmiponents of PIMS. 

A. Raw Data 

As mentioned in the previous section, P1N«S will initially 
integrate data concerning manhours of three categories of 
personnel: (1) operations personnel, (2) maintenance and 
integration persormel, and (3) repairs personnel. Data con- 
cerning operations manhours will be drawn from the Weekly 
Histories compiled by the Data Processing Unit at Gddstone 
(in Appendix A. see Al) and the Manpower Utilization Re- 
ports (A6). Data concerning maintenance and integration man- 
hours will be drawn from the Maintenance and Integration 
Work Orders (AS). Finally, the recently implemented Pro- 
ductivity Database (A4) will be used to obtain data on repairs 
manhours. 

B. Data Input Module 

The sole function of the data input module will be to trans- 
form the raw data into files of event records. This module will 
consist of three submodules, one each for the three types of 
personnel data used. Each of these submodules will have the 
capability of reading and processing raw data from the appro- 
priate data sources. Thus the PIMS event files can be updated 
as new raw data accumulates. 

C. Evofrt Fites 

In its initial version, PIMS will maintain nine files of event 
records, three for each of DSS II. 12 and 14. these being 


devoted to **opentioii** events* **msintenanoe** events aid 
^repair** events. Data is separated aocoidliw to station pri* 
marfly to enhance efficiency - mudi of the raw data can most 
easfly be processed one station at a tinw* and the separation 
win prevmt the stored data ffles from beemning mueasonably 
large. Also, many data acoes requests are expected to &tin- 
guidi between the stations, so data prooes^ thne wffl be 
saved. 

To understand adiy data is separated according to peraomid 
category, we note that althou^ many event parameters (such 
as manhours and dayoi-ym) are shared by events of ewh 
category, other event parameters (such as end-user hours for 
q;>eratiotis events, or turnaround time for repairs events) are 
unique to a given category. Thus the separatim of events 
permits more efficient storage of tlw data. It should be noted, 
however, that sets of events of different types can be readily 
combined by PIMS users (see below). 

D. Data Modiite 

The function of the data output module is to provide con- 
venient interactive access to the event files. As currently envi- 
sioned, this module will provide a menu-oriented Interface to 
users. Thus when the system is on, users will be presented a 
'^menu** of possiUe commands to choose from. As a r^ult, 
the system will guide users through the correct steps of a data 
accessing procedure, and hence be very * ^^cesable to novice 
users. 

The commands which PIMS users can give via the data 
output module will give users the capability of directly manip- 
ulating files of events. Specifically, users will be able to create 
new files, select specific subfiles according to given parameter 
values (e.g., select aQ events with manhour value between 3 
and 5 hours), sort files, and merge files (possibly containing 
different types of events). Also, capabilities to print out the 
contents of these files, and to calculate simple numerical sum- 
maries of them (e.g., list the total manhours expended, broken 
down by week and subsystem type) will be available. To 
accomplish this the data output module will provide usen 
with a small set of "atomic** file manipulation commands 
which can be applied repeatedly to obtain desired files and 
results. 

E, RetomnceRles 

The fuial major component of PIMS is the set of files main- 
tained for reference purposes. These will include, for example, 
a portion of the Transfer Agreement Status Databa.^e (Appen- 
dix A. see A2) which lists the numbers, three-letter acronyms, 
and brief descriptions of DSN subsystems and as^mblies. 
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Another example is the listing of preventive maintenance 
numbers and their short verbal descriptions. Because the data 
in these fUes are modified occasionally, they are given a fairly 
independent status in PIMS. This will ensure that their modifi- 
cation can be incorporated in a simple straightforward manner. 


V. Some Exampiro 

In this section we briefly illustrate some of the capabilities 
that PIMS will have by describing three representative exam- 
ples. Together they indicate the primary capabilities of PIMS 
as currently being developed; other capabilities will probably 
be added after the system is operational. 

A. Table GeneratkHi 

A basic capability of PIMS will be to generate tables sum- 
marizing information concerning various aspects of Goldstone 
operations. For example, suppose that a table is desired which 
lists, for the period June 1 to August 1, 1981, the total num- 
ber of manhours expended per week, broken into categories 
of tracking, preventive maintenance, corrective maintenance, 
and repairs. To obtain such a table, the following sequence of 
steps could be performed. First, since only the periods June 1 
to August 1, 1981, are desired, nine working files could be 
formed, each consisting of the relevant portion of one of the 
permanent event files (sec Section IV-C). Now these files could 
be merged into one, and sorted by day of year. Next, the 
resulting file could be partitioned into one-week blocks and, 
within each block, sorted according to work category. (This 
would have the effect, within each block, of placing all events 
concerning a given work category physically next to each 
other.) Having arranged the file in this manner, a routine can 
now be executed which calculates, for each week, the number 
of manhours expended within each work category. Finally, a 
table printing routine can be called to print the results on paper 
or display them on the screen. 

Ail of the procedures described above will be implemented 
in a very flexible fashion in PIMS. Thus a table can be con- 
structed that lists total manhours broken into virtually any 
categories. Other parameters can also be totalled ^e.g.. end-user 
hours or downtime), and other types of aggregate functions 
will be available (e.g.. average instead of total). 

B. Comparison of Productivity 

A second application of PIMS will be to compare corre- 
sponding aspects of different parts of Goldstone activities. For 
instance, suppose that a comparison, between the three Gold- 
stone stations, of the ratio of the manhours expended on 
preventive vs corrective maintenance is desired. To obtain this. 


a procedure similar to that used for generating tablw can be 
applied. Specifically, the user can first create files, one for 
each station, whidi contain all events invdving pievmtive or 
corrective maintenance. Next, th^ fB^ can be used to deter- 
mine, for each station, the number of manhours expmided on 
the two categortes of maintenance. The d^ired ratios are then 
easily calculated. 

Since PIMS is capable of categorizing data in a large number 
of ways, it will be useful in making many different types of 
comparisons. 

C. Iterative Maniputatlon of Fite 

Another basic feature of HMS is that users will be aUe to 
manipulate working fSes in an iterative fashion. For examfde, 
suppose that the user cu y.cd the table described in Section 
V-A, and noticed that repairs costs were considerably hi^r 
than the other costs. The user may at that point wonder 
whether this inbalance was peculiar to a given subsystem or 
occurred in all of them. Using PIMS, the user can sort the 
working file already obtained by subsystem, and then list for 
each subsystem the number of manhours expendeu in each of 
the specified work categories. If interested, the user may then 
refine the data further, listing manhour expenditures cate- 
gorized by assemblies within one or more subsystems. 

It is clear that this kind of iterative, ad hoc file manip ila- 
tion capability will provide users a means to literally ""explore'" 
the data in any way they please. 


VI. Concluding Remarks 

We conclude by describing the current status of the PIMS 
effort, mentioning some possible future directions for it. 

At present, the overall design of the initial version of PIMS 
is essentially complete. The routine for processing raw data 
concerning operations personnel (Section IV-A) has been 
implemented and debugged. Also, the module which performs 
basic manipulations of event tiles (Section IV-D) is essentially 
completed, and the module for handling the refei mce files 
(Section IV-E) is under i' dopment. The remaining modules 
include those for input tif.^, niaintenance and repair data and 
for driving the menu-driven user interface. 

Once the system is in operation, it is expected that, based 
on their experiences, users will determine that certain capabili- 
ties should be added to PIMS. For example, certain new data 
sets, such as Discrepancy iveport information (Appendix A, 
see A7). may be desired. Also, more complicated statistical 
capabilities may be desired. Fin ally, new ways of representing 
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the data, e^., using plotted curves to indicate one parameter 
as a ftinction of another, could be added. 

More generally, if PIMS proves to be a useftil tool for 
managers and management scientists at JPL, the project may 
lead to a more substantial effort to provide access to inte- 
grated DSN operations data. Given a Hrm commitment from 


managnnent, a more amUtious database management system 
mi^t be devised to perform the same fbnctiatt as PIMS, 
except in a much mote sophisticatsd and comptete manner. 
Indeed, the PIMS effort may indicate the desirabflity of faioor- 
porating, at a fundamental level, a PIMS^ike capMdUty into 
the data management component of die Network Consdida- 
tion Project. 
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Appendix A 

Survey of DSN Operations Databases and Data Reports 


The sheer size and complexity of the DSN has necessitated 
the development of several highly successful computerized 
information systems which are used to support its opera- 
tion. In this appendix we briefly survey some of the more 
significant of these databases, and also mention a couple of 
related data sets (including an important database which has 
not been computerized to date). Table A1 provides a brief 
summary of our discussion. As noted above, PIMS will focus 
primarily on data in three of there databases (namely Al, 
A4 and AS) and make reference to some of the others (nota- 
bly A2 and A6). 


Al. The DSN Scheduling Database 

The DSN Scheduling Database is maintained and used by 
Section 371 to schedule, on a week>to-week basis, the tracking 
activities of all of the DSN antemia stations. Roughly 500 to 
700 events are scheduled for any given week, and events can 
be scheduled up to 53 weeks in advance. Once fixed, the actual 
schedule is used by the various DSN stations to plan, on a 
minute-to-minute basis, specific station activities (both those 
called for on the schedule and others such as certain preventa- 
tive maintenance tasks). After a week has passed. Section 371 
modifies the we k's schedule to reflect the actual events of 
the week, and archives it as a weekly “history.” These weekly 
histories form the basis of “DSN Utilization Reports,” which 
summarize DSN activities, categorized by antenna size and end 
users. Indeoendently, the Data Processing Unit of Dendix (in 
Barstow) updates the Goldstone portion of the weekly sched- 
ule and archives its own weekly “histories.” These are used by 
the Data Processing Unit as the basis of “Station Utilization 
Reports.” which are subsequently distiibuted by Section 371. 
These “Station Utilization Reports” list, for each station, the 
number of station operating hours (SOH)and end-user hours 
(EUH) devoted to each of the DSN “end-users” in the given 
week (see Appendix B for a sample report). 


A2. Transfer Agreement Status 
Database (890-61) 

The Transfer Agreement Status Databc " is concerned with 
recording information concerning: engineering responsibility, 
from the station and facility level down to the subsystem and 
assembly level, of the DSN. For each station, subsystem and 
assembly it lists the subsystem engineer, the cognizant devel- 
opment engineer, the cognizant operations engineer and the 
cognizant sustaining engineer (if applicable), and the current 


status of these respmisibility assigiunencs (e.g., transfer 
planned, transfer complete). This database is stored at JPL*s 
Information Processing Center (IPC) on the Univac 1100/81, 
and is maintained by Section .^$5. It is updated as needed to 
reflect assignments and transfer status changes. A variety of 
accessing modes to this database, each generating a report of 
a certain kind, is available. 

An important aspect of the Transfer Agreement Status 
Database is that it provides information cross-referendng vari- 
ous naming conventions which have arisen for describing parts 
of the DSN. Each station can be viewed as conasting of 
roughly 25 ^subsystems,"* and each subsystem is broken into 
roughly 10 “assemblies”. Some subsystems are commrni to 
more than one station while others are unique to a specific 
station. GeneraUy, a given subsystem or assembly can be 
identified in each of the following three ways: (J ) the name of 
the subsystem or assembly (e.g., “34M. Ant Mechanical S/S*’ 
or “Electronic Control Assembly”), (2) the threeTetter 
acronym, which sometimes extends to six letters (e.g., ANT or 
SVO), and (3) the two- to four-digit two-level hierarchical 
identifier (e.g., 46.00 or 46.02; here the first (two) digtt(s) 
refer to the subsystem while the latter digit(s) refer to the 
assembly within the subsystem). The Transfer Agreement 
Status report provides a correlation between these three modes 
of identification and specifies which subsystem and assemblies 
are relevant to a given station. 


A3. DSN Equipment Database 

The Equipment Database is a large-scale database manage- 
ment system implemented on the Univac 1 100/81 and main- 
tained by Section 377. It holds data conccining all of the 
actual physical components comprising the DSN. The database 
is used primarily for inventory control and component track- 
ing and also to support ad hoc operations performance analy- 
ses and answer various ad hoc queries. The database currently 
holds some 170,000 records and grows at a rate of roughly 
1000 records per week. It lists, for each DSN component, 
a variety of information, including its unique identifier (called 
the “DSN control number” or “conaudit ii'imber”), descrip- 
tion. manufacturer identification number, current location, 
and information concerning its repair hi$tor:^ The database 
can be accessed through a versatile intenctive command 
language which supports m iltikey retrieval and totally flexible 
format specification. The daiabw can also be interfaced 
directly by computer software. 
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A4. Barstow Production Control Database 

Quite recently, a new computerized database system has 
been implemented to monitor and control the flow of DSN 
components through the repair facilities at Goidstone. This 
Barstow Production Control (BPC) Database is in the flnal 
stages of implementation in Section 377, and will be main- 
tained (and possibly enhanced) by that section. The database 
will store very detailed records concerning each instance where 
a DSN component was repaired, including various dates, what 
speciflc activities were performed (including procedure num- 
bers, if applicable), which DSN test equipment was used, and 
how many manhours were spent on various ac ivities (Appen- 
dix B shows an example of a '^Service Report,*" which can list 
all of the information stored in one record of this database). 

The database is housed on the Univac 1100/81, currently 
holds roughly 15,000 records, and is growing at a rate of 
approximately 1000 records per month. In its current imple- 
mentation the database provides sophisticated data compres 
Sion, and also indexing to provide fast access according to cer- 
tain data fields. Data is put into the system via computer 
termmals, and records are updated as various stages of repair, 
testing or calibration are completed. The system can be 
accessed by a flexible, command-oriented query language* 
both online and in batcli mode. At present the output of this 
database is formatted identically to the Service Report. 

The BPC Database replaces in part another comprehensive 
database, the Failure Database, which was maintained by 
Section 377 until April i^81 . That database was used to main- 
tain records concerning component failures, and stored a fail- 
ure history for each component. The database was partially 
integrated into the Equipment Database, and data could be 
accessed through a number of data fields. Whereas the Failure 
Database was used to monitor repair activity and store a 
comprehensive history of each substantiiJ component, the 
BPC Database at present only monitors individual instances 
of component repair. 


AS. Maintenance and Integration 
Work Orders 

An important database concerning DSI ^ Goldstone opera- 
tions which is not currently computerized concerns the 
activity of the Maintenance and Integration (M&l) Unit (of 
the Bendix Corporation) at Goldstone. This unit is responsible 
for performing a large class of routine preventive maintenance 
activities, trouble-sliooting station problems, removing and 
replacing components, and performing some of the work gen- 
erated by Engineering Change Orders. This activity is moni- 
tored and directed via “Work Orders” (see Appendix B), wr> * 


are used (1) to specify fliat a givni task is to be perfonx»d, 
and (2) to record the work that was petfoimad. Including 
manhours expended (and beginning recently, the amount of 
time used in transportation). Althou^ the current ^stem 
used by die M&l unit to record its activity is certainly ade- 
quate, it is dear that a computerized astern would enhf*^> ^ 
fte ability to obtain interrelated data and overview info* - 
tion, thereby improving the unites over J) performance. 

A6. Manpower Utilization Reports 

The Manpower Utilization Reports are generated on a 
weekly bafls by the Tracking Operations and Data Processhig 
Units (of the Bendix Corporation) at Goldstone and Barstow 
(respectively). These reports give a weekly summary of the 
operations personnel and M&I personnel manhours expended 
at (joldstone, broken into rou^y 20 categories (see Appen- 
dix B). Note the distinction between Manpower Utilization 
Reports, which list manhours expended, and the DSN and 
Station Utilization Reports (discussed in A1 above), which 
list station operating hours and end-iiser hours. 

The Manpower Utilization Reports are assembled from the 
“shift reports” kept at each station (at Goldstone) and by 
M&I (see Appendix B for a blank copy of Shift Report) and 
stored in the Sycor minicomputer maintained in Gddstone 
by the Data Processing Unit in Barstow. Quarterly and annual 
summaries of this information may also be generated upon 
request. 


A7. Discrepancy Report Database 

The Discrepancy Report Database is maintairied by Sec- 
tion 371 to monitor “discrepancies.” A <’tscrepancy is defined 
to be an instance in which an end-user was scheduled to 
receive telemetry data, and received either degraded data or no 
data. Thus, discrepancies are initially ' merated” when an 
end-user reports such data degradation or loss. Once a dis- 
crepancy has occurred, it is considered “open” until the cause 
of the discrepancy has been located (and if applicable, 
remedied). 

The Discrepancy Report Database is maintained in an 
IBM 3032 computer managed by the Administrative Comput- 
ing Service (ACS) at Caltech. The database is used to store 
and update records conct^ming open discrepancy reports, and 
has records of past discrepancy reports going back to 1975. It 
is also used to determine operational “Mean Time Between 
Failures,” system trends and distribution of problems by 
hardware, software and pnxedural anomalies. Finally, special 
software routines can be used to answer ad hoc queries made 
to the database. 
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A8. Engineering Change Management 
(ECM) Database 

The ECM database is used to monitor the implementation 
status of Engineering. Change Orders (ECO) in the DSN. These 
data include a description of the change, its application and 
various milestones/status reports during the development, ship- 
ment, and facility installation and testing of it. Periodic man- 
agement reports are generated and some ad hoc queries are 
supported in predetined formats. The system was originally 
implemented in 1976, is housed in the IPC and is managed by 
Section 377. It should also be noted that before approval, 
information concerning Engineering Change Requests (ECRs) 
is maintained in AODC word processors. 


A9. System for Resources 
Management (SRM) 

Although not dedicated soIel> to DSN operations, we 
briefly describe the System for Resources Management. The 
SRM provides the backbone for accounting activities at JPL. 
It is used to monitor all JPL income and expenditures, to 
coordinate future expenditures against future income, and to 
record past income and e)q)enditures. The SRM is capable of 
formatting and si.inmari2ing accounting information in a 
variety of ways, producing reports such as the Resources 
Status Report (RSR), and the SRM planning summaries. Also, 
interfaces between the SRM and the WADSUM (see A 10) 
have been developed. At this time, the SRM is not an inter- 
active system - updates and modifications to the data must 
be done in batch mode, and only after a special processing of 


the entire data set is performed can the (newly revised) data 
be printed out. 

The SRM is housed in the ACS IbM 3032. As well as con- 
taining data for the current year, it stores detailed records for 
the past 4 years and ardiived records for eariier years. Also, it 
contains information concerning projected expenditures for 
the next 5 years. The database is quite large; it hdds roughly 
200,000 records for a current year, and at present the primary 
history file holds another 320,000 records. 

A10. The Work Authoriiaiion Locument 
Summary System (WADSUM) 

This system was developed to fulfill reporting require- 
ments regarding planned TDA resources allocations. The data- 
base, resident on the IPC Univac 1100/81, contains head- 
count and expenditure data for each account In tiie TDA 
program. The database is composed of 1500 records, and may 
be accessed and updated either interactively or in batdt mode. 
Numerous sorting and report writing capabflities are 
supported. 

Various interfaces exist between the WADSUM and the 
SRM. For example, a WAD performance report, generated 
monthly on the ACS IBM 3032, detail* the discrepancies 
between the '"planned** manpower and funding levels in the 
WADSUM database, and corresponding accrued "actv * 
recorded in the SRM data bases. 

The WADSUM system was developed and is maintajiea 
under the cognizance of the TDA Program Control Office. 
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TOA Progress Report 42-70 


Top Down Imp lem en ta tion Plan for System 
Performance Test Software 

G. N. Jacobson and A. Spinak 
Operations Sustaining Engineering Section 


This article describes the Top Down Implementation Han used by the Operations Sus- 
taining Engineering Section for the development of System Performance Test software 
during the Mark IV-A era. The plan is based upon the identification of the hierarchical 
relationship of the individwd elements of the software design^ the development of a 
sequence of functionally oriented demonstrable steps, the allocation of subroutines to 
the specific step where they are first required, and objective status reporting. The results 
are meaningful determination of milestones, improved managerial visibility, better project 
control, and ultimately a successful software development. 


I. Introduction 

The Mark IV-A era represents significant changes in the 
operating environment and the hardware configuration within 
the DSN. System Performance Test (SPT) software will be 
needed to test and verify the operational integrity of the DSN 
during the Mark IV-A implementation. 

The SPT software package being developed by the Opera- 
tions Sustaining Engineering Section will consist of a test exec- 
utive and a set of seven applications tasks. Basically, the exec- 
utive distributes input data to the applications, provides 
resource allocation services, and performs common processing 
functions such as dumping, display generation, and test proce- ' 
dure reading. The application tasks are each designed to test a 
particular system. Tracking, Telemetry, Command, Monitor 
and Control, Very Long Baseline Interferometry, Radio 
Science, and Frequency and Timing will all be supported by 
SPT software for the Mark IV-A configuration. 

The SPT software will reside in the System Performance 
Test Assembly (SPTA). The SPTA, which also serves as the 


backup Complex Monitor and Control (CMC) computer, will 
be a Modcomp Classic 7345. The operating system will be a 
m( dified version of the MAX IV Operating System supplied 
by the computer manufacturer. 

The software development effort for the Mark IV-A Proj- 
ect, summarized above, represents the largest project under- 
taken by the SPT Software Support Group. To achieve the 
technical, budgetary, and scheduling goals of the project, a 
top down implementation plan has been created that always 
develops and maintains the SPT system in a continually 
cycling, demonstrable fashion. It is the intent of this paper to 
describe the history, justification, and components of the SPT 
implementation plan. 

II. Background 

The success of large software development efforts has 
improved throughout the industry. These improvements are 
largely attributable to the application of a technological wave 
of new approaches that have been loosely referred to as 
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structured programming. More explicitly, the new technologies 
include replacement of flowcharts via usage of design lan- 
guages, elimination of the GOTO by confinement to a small 
complete set of logical constructs, increased emphasis and 
formalization of the role of the programmi ng support librar- 
ian, increased emphasis on reviews via usage of either struc- 
tured walk-throughs or inspection teams, and a reorganization 
of programming personnel into the chief programmer team 
formation. Unfortunately, despite the considerable progress 
that has been made, many projects still fail to meet their 
schedule, have cost overruns, and the end product never 
quite operates as reliably as intended. In any event, even for 
supposedly successful projects, the cost of software is still 
too high. 

A rnajc; reason for these continuing software difficulties 
and continued high costs, despite advances in technique, is 
that the impact of the aforementioned technical advances 
is limited when constrained by the effects of traditional 
management techniques. All of the previously mentioned 
structured progremming techniques deal with the program- 
mer and programming. None deal directly with the issues 
of planning and managing a large-scale software development. 
The industry is generally using the same planning and man- 
aging approaches it has always used, and these have fre- 
quently proven to be unsuccessful. The result is that the 
manager continues to have little visibility and little effective 
control over the developing system. If the manager had a 
mechanism that permitted him to arrive at a meaningful 
implementation plan; permitted him to objectively assess 
the project's status as it developed; provided him clear visi- 
bility of the development activity; considered cost, schedule, 
manpower and the chosen design, then the manager would 
be in a position to truly manage the project and lead it to 
a successful conclusion at minimal cost. 


The SPT top down implementation plan fills this gap. The 
SPT plan is to management what structured programming is 
to the programmer. As with structured programming, which is 
complemented by the SPT plan, the SPT plan improves visibil- 
ity, meaningfulness and orderliness. It allows the manager to 
start the project off on the right path, closely monitor the 
software development as it progresses, and ultimately to bring 
the project to the desired successful conclusion. 


III. Implementation Plan Selection Crtteria 

The top down method appears to have been first espoused 
by Dr. 11. D. Mills of IBM. Though this discu''>sion. ami other 
discussions in the computing literature, advocated top di^wn 


implementation, little advice was presmted on how to phn a 
top down implementation. Stating that a computer program 
should be .mp^ented in a top down secpience is insufficient 
for a large software development. Due to the complexity of 
its hierarchical structure, literally thousands of top down 
implementation sequences may be possible. Thus, selecting 
the proper top down implementation sequence becomes a 
very significant issue. 

For example, one could implement all the subroutines at 
a particular level for the entire system, foUowed by all the 
subroutines at the next level across the system, and so on, 
until finally the bottom level subroutines are Implemented. 
There are those in the industry who advocate this sequence. 
This would be top down, but in our opinion, represents an 
inferior implementation sequence. This is because bottom level 
subroutines usually are required to provide a demonstration of 
a complete operational .>y$tem function. Thus, for most of the 
system's development, very few operational functions would 
be deiuonstrabie. However ^arly functional demonstrability is 
one of the main benefits ,hat should be achieved from top 
down implementation. Alternatively, many top down se- 
quences might conflict with expected equipment delivery 
dates. 

Thus, selecting the most appropriate top down implementa- 
tion sequence is an important issue. Hie SPT plan is using a 
comprehensive methodology which has been developed for 
creating and maintaining an optimal top down implementa- 
tion plan. This technique provides broad benefits to the 
ensuing software development. 


IV. Top Down Concepts 

Top down design refers to a method of designing a compu- 
ter program wherein higlier level or calling segments are 
designed before lowei level or called segments. This do^ not 
mean that all segments .*it one level must be designed, or 
named, before creating the viesign, or name, of any segments 
at the next level. It means that if one were to consider the 
system's subroutine hierarchy as a treelike structure, then 
along each branch of the tree, mbroutincs are defined and 
chosen for design, starting from ti e top of the hierarchy and 
working down. 


Top down implementation refers to the development of a 
computer program in a downward hierarchica] sequence along 
each branch of the program's subroutine hierarchy. Design, 
documentation, coding, integration and testing usually arc 
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concurrently performed on different portions of the develop- 
ing system. In a top down sequence, these are performed alung 
each branch simultaneou .y under development. 


V. Preparation of ttieSFT Top Down 
Implementation Plan 

A viable software implementation plan can only be pre- 
pared after a sufficient quantity of system analysis activities 
have occurred and before the detailed implementation has 
begun. The plan is then used to launch the implementation 
phase for a large-scale software development, in operation, 
the SPT approach is based upon the utilization and interplay 
of three documents. They are the Subroutine Hierarchy, the 
Network of Demonstrable Functions (NDF), and the Software 
Status Report. 

In a nutshell, the Subroutine Hierarchy represents a design 
abstract for the computer software. The Network of Dimon- 
strable Functions represents a functional abstract of the opera- 
tional system. The Softwaie Status Report relates the software 
design to the NDF system functions for the purpose of sched- 
uling tlie software and maintaining the status of software 
development. The main point of this nutshell description is 
that attentive preparation of these documents results in a 
meaningful schedule that allows management to have real 
visibility in areas such as the software's true status, cost to 
completion, and time to completion. 

VI. Subroutine Hierarchy 

The Subroutine Hierarchy is a high-level representation of 
the structure of the hierarchical design of the computer pro- 
gram. It readily conveys a high-level image of the design being 
represented, showuig all of the parts constituting the design, 
their hierarchical rclationsliip to each other, their categories 
and, to a degree, their functions. All of the segments must 
represent small subroutines, perhaps averaging 25 to 50 
lughcr-ordcr language statements. 

The Subroutine Hierarchy evolves as the design and the 
software evolve. Initially, when the implementation plan is 
first prepared, the Subroutine Hierarchy represents the inten- 
ded design structure of the computer piogram. At completion 
of the software developincnl, it represcnls the actual structure 
of the computer program At all intermediate stages, it is kept 
current and represents the currenii> proiccled siructure of the 
program. 

fur a laigc computer program, with perhaps one thousand 
or more subroutines, the subroutines may be treated in a 
statistical manner foi the purposes of making estimates. 


schedules and plans This is one of the principles of the SPT 
approach. Namely, by partitioning a large computer program 
into its elemental pieces (subroutines), the effects of isdated 
misjudgement (e.g., size or complexity) relative to any indi* 
vidual subroutine tend to average out over the total program 
development, and do not affect the overall outcome. The 
effect of frequent misjudgement of the same characteristic of 
many subroutines (e.g., development time) tends to become 
quickly apparent and serves as a reliable indicator of develop- 
ment trends and ultimate results (if not corrected). 

The Subroutine Hierarchy enables the software designers to 
conveniently conceptualize about the program and its parts, 
and to visualize the hierarchical organization of the program. 
It communicates in an overall conceptual maimer the struc- 
ture of the design. It is the essential design element, repre- 
senting the components of the program's design for the pur- 
pose of plaiming and tracking the implementation of that 
design. It thus becomes the primary determinant in estimates 
oi ost and memory size for the computer program. 

Figure 1 shows a portion of the subroutine hierarchy for 
the SPT Project. Due to the large number of subroutines, the 
hierarchical structure is represented in a horizontal rather 
than vertical (or treelike) manner. Varying hierarchical levels 
are represented by varying levels of indentation. The hierarchy 
identifies both the symbolic name and descriptive name of 
the subroutine. It identifies the particular step in the SPT 
impleinentation plan where the subroutine will be first 
required. (The next section will elaborate on the definition 
of steps.) Only the first occurrence of a subroutine in the tree 
is expanded to the bottom level. Subsequent occurrences of 
any subroutine use a reference number to identify the line 
number of the fir.s^ occurrence. If the subroutine itself invokes 
other subroutines, an asterisk is used to indicate the full 
expansion can be found at that first occurrence. 

VII. Network of Demonstrable Functions 

The Structure of the software design and the identification 
of the constituent subroutines have been described as part 
of preparing the Subroutine Hierarchy. No discussion has yet 
occurred relative to the development sequence of these sub- 
routines. nor relative to the individual milestones that wilt be 
scheduled and tracked during the development. This is where 
the NDF comes into play. 

The .NDF is that part of the SPT implementation plan tliat 
identifies the individual increments, or steps, and the sequence 
of development for those steps. The steps arc scheduled, 
developed, tracked, integrated, tested and eventually internal!) 
accepted- In other words, on the surface it is a **Perl-like net- 
work." Beneath the surface there are a number of aspects of 
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the NDF that must be explained before its value can be fully 
grasped. 

First of all, the NDF must be created by personnel that 
have an in*depth functional understanding of the application, 
its requirements, and the expected operational characteristics 
of the system. The personnel assigned to the NDF task will 
have acquired the necessary knowledge as a result of their 
prior system analysis activities. If they do not have this know- 
ledge, they must first acquire it before they can hope to create 
a meaningful, detailed, functionally oriented plan of demon- 
strable steps. 

Secondly, the NDF steps are oriented towards functions 
from the user's standpoint, not from the programmer's stand- 
point. For example, ^"output directive/menu index" is a typi- 
cal step. This is as opposed to "build test contiguration table," 
which would occur internally within the computer and not 
provide the user direct observation of the step having oc- 
curred. On the other hand, a step such as "print test configur- 
ation table" could be demonstrated to the user. Successful 
demonstration of this would imply successful construction 
of the test configuration table. 

This leads us into the third important aspect of the NDF. 
To the maximum extent possible, steps of the NDF should be 
readily demonstrable to an observer who is not a programmer. 
Those few steps that are not readily demonstrable to such an 
observer must, nevertheless, still be demonstrable. This demon- 
strability is the only basis upon which an objective determina- 
tion can be made as to the completion of the step. 

The principle of denionstrability leads us to a fourth 
important aspect of the NDF. The development sequence of 
demonstrable steps must correspond to a natural functional 
sequence of increasing functional capability. To put it another 
way, Irom the user's operational standpoint, it must be a 
sequence which demonstrates "first things first." 

A fifth important aspect of the NDF is that the steps must 
each add on to an already cycling system. Each new step must 
be directly integrated into the cycling system, producing a 
continuously increasing functional capability that is always 
demonstrable. Steps required to demonstrate a new step must 
be implemented and integrated prior to the integration of the 
new step. In terms of subroutines, this means that for a partic- 
ular step, those subroutines that arc required for invoking a 
particular segment of that step must be implemented as part 
of that step or as part of a prior step. In order words, the 
design must be implemented in a top down sequence along 
each branch of the subroutine hierarchy. Lower level sub- 


routines that are not required for demonstration of the partic- 
ular step are to be left as stubs until a step requiring those 
subroutines is undertaken. 

One final aspect of importance is that the steps must fit 
together to comprise functional paths of the system. In 
actuality, to create the NDF, the functional paths are defined 
first, and the paths are then broken down into a sequence of 
steps. Each path corresponds to a relatively independent (but 
not necessarily totally independent) major function of the 
operational system. 

As an example, the Telemetry Path of the SPT NDF is 
shown in Fig. ?. The Telemetry Path itself consists of a main 
path, a long loop path, and an Automatic Total Recall Sub- 
system (ATRS) path. For ease of reference, each step is given a 
number, preceded by a path identifier. Increments of 10 are 
used to allow insertion of additional steps, should this prove 
necessary because of changing requirements or priorities. 
Dashed lines between paths imply dependencies; with respect 
to Fig. 2, implementation of the ATRS path is dependent 
upon completion of the capability to accept directives. 

VIII. Software Status Report 

The Software Status Report tics the Subroutine Hierarchy 
and the NDF together by relating the design elements to the 
demonstrable steps. This is the fundamental point from which 
the value of the Software Status Report, and even the SPT 
Implementation methodology, is derived. The Software Status 
Report meaningfully relates the design to demonstrable 
functions and the corresponding schedules. 

In concept, the document Is very simple. For each step 
from the NDF, the corresponding required subroutines from 
the hierarchy are lisied. Each subroutine is allocated to a 
single step, the first step from the NDF that requires the par- 
ticular subroutine. Consequently, the subroutines listed under 
a particular step are just those subroutines still required for 
demonstration of the particular step's function. Other sub- 
routines may also be required for the step, but they would 
not be listed with the step if some prior step already required 
the subroutines. For status tracking purposes, columns are 
provided where design, code, documentation, test size and 
other status fields can be checked off for each subroutine. 
These fields will be recorded as complete or will contain the 
date set for completion. No attempt is made to allow per- 
centage estimates of completion by the programmer. Statisti- 
cal data provided in the Software Status Report is based on 
treatment of individual segments as statistical equivalents. 
In addition, the Software Status Report includes a description 
of each step. i.e.. the function that is being demonstrated by 
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the particular step. The report also identifies the qualifications 
or limitations, if any, that apply to the step's demonstration 
and the requirements that the step fulfills. 

Whereas in concept the Software Status Repor^ is very 
straightforward, creation of the report requires a thorough 
functional understanding of the system and of the corres- 
ponding design as represented by the Subroutine Hierarchy. 
Only with such knowledge as a base could the programming 
staff hope to allocate specific subroutines to each NDF step. 

Thus, the Software Status Report contains all of the 
steps from the NDF and all of the assigned subroutines from 
the hierarchy, along with the development status for each sub- 
routine and step. With automated support, highly objective 
status reports are easily generated from this data base. Tech- 
nical and administrative management are provided accurate 
visibility into the status of the total software development. 

Figure 3 shows the Software Status Report for a typical 
step from the SPT Implementation Plan. Fig. 4 provides a 
brief description of each of the fields on the report. Fig. S 
contains a Management Summary for one of the paths on 
the SPT NDF. 


IX. Summaiy 

The SPT approach to top down implementation planning 
is based on certain premises. One of these premises is that by 
minimiring or eliminating large unknowns, management has 
the best chance of accomplishing the project's goals. If there 
is some large functional area for which management has little 
basis, other than someone’s intuition, for expecting the imple- 
mentation to take say six months, with a particular size staff, 
as opposed to say three years, then the project is ii^ a precari- 
ous position. A large nebulous function which has onJy been 
quantified at its toial level by intuition, even though based on 
experience, is a dangerous unknown. The obvious way to get 
better control of a big unknown is by reducing it to mariv 
small pieces, some of which may be small unknowns. To put 
it in other terms, analyzing the task and breaking it down into 
many smallei pieces eliminates the risk of the large unknowns. 
There may stiU be some unknowns or surprises, but the poten- 
tial absolute; effect of a misjudgement relative to a small task 
is going to be inherently smaller than for a misjudgement 
associated with the much larger original task. An important 
additional aspect is that in the process of decomposing the 


original function, understanding ocoirs, and for the most part, 
comprehension replaces intuition. 

Also, by decomposing a system into a large number of 
small pieces, a point is reached where the individual pieces can 
be treated for planning purposes as statistically equivalent. At 
the management level, the differences in size or complexity of 
individual small subroutines is of minimal importance. As sub- 
routines are implemented, actual data should be used to up- 
date the estimated statistical characteristics of the average sub- 
routine. For example, suppose an original memory allocation 
of 128K is made for 2000 subroutines. This averages 64 mem- 
ory cells per subroutine. Suppose, after 200 subroutines have 
been implemented, 15000 cells have been used. This would 
riiow an actual avenge of 75 cells per subroutine with the 
trend total being 150K for all 2000 subroutines. Thus, with 
only 10% of the segments implemented, a reliable danger 
signal has been raised, and the signal includes the m^nitude 
of the forecasted overrun. With such an early warning, manage- 
ment still has time to take some appropriate effective action 
to act upon the issue before it becomes an actual problem. 

The key basis for planning and tracking the implementation 
is assigning the impleme** ation of each subroutine to a single 
step. This is where it all ^omes together. But it must be done 
with a great deal of care and precision. The correlation be- 
tween the Subroutine Hierarchy and the Software Status 
Report must be accurate. When design or plan changes occur, 
and they will, changes must be made to both documents. 
Both of these documents riiould be looked upon as evolving 
documents, but they must evolve concurrently and in parallel. 

Why does this '"single step" premise form the basis to the 
SPT approach to implementation planning? Because every- 
thing is accounted for. Each subroutine appears for implemen- 
tation on only one step - the Prst step that requires the sub- 
routine. The effort required for e.!ch step can be considered 
to be a function of the number of subroutines in the step. The 
programming implementation budget can be spread over the 
steps in proportion to the number of segments in each step. 
Then, if you are on schedule, you are on budget. Subroutines 
don’t appear redundantly (on more than one step) to confuse 
the bookkeeping. Everything balances and all subroutines are 
ab'e to be tracked. A full decomposition of the system into 
subroutines and a careful and complete assignment of those 
subroutines to a series of well-defined, demonstrable steps is 
of fundamental importance to successful usage of the SPT 
methodology. 
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SYMBOLIC NAME 
123456789* 

DESCRIPTIVE NAME 

CLASS 

/STEP 

LINE 

NUM 

REFER 

NUM 

CSTMAC 

active mode predictor 

C90 

287 


CDBCOM 

DOUBLE INTEGER COMPARE 


288 

♦7 

CSHDGB 

HSD BIT ACQUIRE 


289 


CDBADD 

DOUBLE INTEGER ADD 


290 


CSTMEV 

EVENT predictor 

C50 

291 


CDBADD 

DOUBLE INTEGER ADD 


292 

277 

CSHDGB 

HSD BIT ACQUIRE 


293 

195 

CDBSUB 

DOUBLE INTEGER SUBTRACT 


294 

284 

CDBCOM 

DOUBLE I*:TEGER COMPARE 


295 

197 

.... CSRCRP 

RECALL QUEUE RESPONSE PROC. 

C90 

296 


CSCHEK 

STATUS CHECK 


297 

258* 

.... CSSUPD 

SUSPEND RESPONSE PROC. 

CI3C 

298 


CSTMSU 

MODEL RE-ADJUST 

C130 

299 


CDBCOM 

DOUBLE INTEGER COMPARE 


300 

197 

CDBADD 

DOUBLE INTEGER ADD 


301 

277 

CDBSUB 

DOUBLE INTEGER SUBTRACT 


302 

284 

.... CSCCLO 

CONTROL CENTER RESPONSE PROC. 

C60 

303 


CSilDGB 

HSD BIT ACQUIRE 


304 

195 

CSCM K 

STATUS CHECK 


305 

258* 

.... CSMOUP 

MODE CHANGE RESPONSE PROC. 

CIOO 

306 


CSMOGB 

HSD BIT acquire 


307 

195 

CHXASC 

HEX TO ASCII CONV. 


308 

217 

GEFMSG 

DISPLAY EVENT MESSAGE 


309 

31 

CSCHEK 

STATUS CHECK 


310 

258* 

CSTIRM 

RADIATION TIME TEST 


311 

00 

• 

.... CSTWOV 

WINDOW OVERRIDE RESPONSE PROC. 

C120 

312 
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STEP' 010 Transfer Operatoi Entiy to SYMBIONT 
DESCRIPTION: 

This step provides an operator entered directive to the Symbiont 
INTENT: 

This step demonstrates that an operator entered directive is 
placed in an SSB and entered in the Syml^ont Queue. Ths step 
simulates the eventual LMC, LAN Handler, FIDM to SymbkMit 
interface. This also provides a basic buffer and queue manage^ 
ment mechanism. 


SOURCE: 



AUTHOR: 

A. Spinak 


DUE DATE: 

03/02/82 


COORDINATOR: 

T. GREER 


STATUS: 

DATE 

TYPE 

DSGN RVU: 

02/09/82 

TEAM 

TEST: 

03/11/82 

ACCEPTED 

ANOMALIES: 

NOTES: 

0 



Most or all uf this step's software is in the nature of a tempo- 
rary workaround or Environmental Interface Module (£1M>. To 
prove, the SSB and the Symbiont Queue should be checked. 

No queue boundary conditions will be demonstrated. 


SEGMENTS 

DESCRIPTION 

CL 

DATE 

DESIGN 

PERSON 

ST 

DATE 

CODE 

PERSON 

ST 

QA CMP 

UNES 

SIOINP 

OPERATOR 2 SPT SIMULATION 

1 

02/01/82 

MJB 

• 

02/11/82 

MJB 

* 

* 

21 

SiOPOM 

PARSE OPERATOR MESSAGE 

I 

02/02/82 

MJB 

♦ 

02/11/82 

MJB 

• 

• 

21 

SIOPAK 

PACK CD SSB 

1 

02/03/82 

TO 

• 

02/11/82 

TO 

# 

* 

30 

SIOCBB 

LOAD TEST COMM BUFF BLOCK 

S 








0 

SIOSSB 

LOAD TEST SSB BLOCK 

S 








0 

SIOLNK 

CHANGE LINK ID 

S 








0 

OROtNO 

PLACE nodi: on OUtUE 

1 

02/02/82 

TCG 


02/16/82 

MJB 

* 

• 

51 

ORQINI 

INIT FREE 0 NODL POOL 

1 

02/05/82 

TCG 

• 

02/16/82 

TCG 

* 

* 

14 

OPOPQt 

POP 1 RFl Ot 1 UE NODE 

! 

02/05/82 

MJB 

• 

02/16/82 

TO 

* 


15 

GBI Ot r 

I/I TOOUEUE ENTRY 

1 

02/02/82 

TO 

* 

02/12/82 

TO 

• 

• 

35 

GQIMT 

I/ITOINITOUFULS 

1 

02/04/82 

TO 


02/12/82 

TO 

* 

* 

14 


PUSH 1 REF QUEUE NODE 

I 

02/05/82 

MJB 

* 

02/12/82 

MJB 

• 


16 

SPINIT 

SPT INITIALIZATION 

1 

02/10/82 

TCG 

• 

02/15/82 

TCG 

« 

• 

42 

GB1NI7 

li TO INITIALIZE BUFI LRS 

I 

02/22/82 

MJB 

« 

03/05/82 

TO 


* 

58 

GBPOOL 

I/I TO RELEASE BUFFER 

1 

02/22/82 

MJB 

• 

03/05/82 

MJB 

* 

* 

55 

GfTBlT 

III TO on BUFFER 

1 

02/22/82 

MJB 


03/05/82 

MJB 

«> 

* 

56 
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STEP: NUMBER AND NAME OF THE STEP 
DESCRIPTION: 

DESCRIPTION OI THE SVSTEM FUNCTIONS AND CAPABILITIES IMPLEMENTED IN THIS STEP AND A CONCBE SUMMARIZATION 
OF THE DEMONSTRATIONS TO BE TESTED* (I’PTO 3 UNES) 

INTENT: 

EXPLANATORY INFORMATION THAT IS USEFUL IN INTERniETATION AND COMmEHENSlON OF THE STEP. (UP TO 5 LINES) 
SOURCE REFERENCE TO THE REQUIREMENTS MET BY THIS STEP. 

AUTHOR: ORIGINATOR OF THIS STEP INWJT. 

DUE DATE : DATE WHEN THE STEP WILL BE COMPLETED AND READY FOR ACCEPTANCE. 

COORDINATOR : C(X)RDIN ATOR OF THE IMPLEMENTATION OF THE STEP AT THE DETAIL LEVEL. 

STATUS DATE TYPE 

DSGN RVU DESIGN REVIEW DATE TYPE OF REVIEW (TEAM. CDE OR PROG) 

TEST STATUS DATE TYPE OF TESTING (CHECKOUT OR ACCEPTED) 

(IF TYPE IS BLANK. DATE IS PLANNED DA EE) 

(ELSE DATE IS ACTUAL DATE) 

ANOMALIES. NUMBER OF OUTSTANDING ANOMALIES 

NOTES 

NOTES WHICH WOULD BE HELPFUL IN EXPLAINING THE STEP AND ITS IMPLEMENTATION. (UP TO 5 UNES) 

THE SEGMENT COLUMNS ARE AS FOLLOWS: 

STEP NO STEP NUMBER 

SEGMENTS SEGMENT NAMES 

DESCRIPTION SEGMENT DESCRIPTION 

CL CLASSIFICATION CODE (WMPLEMENT. S-STUB. U-UNDEFINED) 

DESIGN DATE PLANNED DAT! OF DE.S1GN COMPLETION 

DESIGN PERSON INITIALS OF PERSON RESPONSIBLE FOR THE SEGMENTS DESIGN 

DESIGN ST DESIGN STATUS (• II COMPLETED) 

CODE DATE PL \NNED DATE OF CODE COMPLETION 

CODE PERSON INITIALS Of PERSON REISPONSIBLE FOR CODING OF THE SEGMENT 

CODE ST CODE STATUS (• IF COMPLETED OR IE REJECTED) 

QA OA STATUS CODE (• IF ACTEPTED) 

CMP COMPILATION CODE ( • FOR CLEAN COMPILE) 

LINES NUMBER OI LINES IN ACCEPTED SEGMENT 

FI9.4. SoftvMTOttatuBrvpoHdMcrtptlon 
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OHiGlN^ 

OF POOR 


PAQE ^ 
quauty 


STFP 

NUM 

STEP NAME ( 

UNIQ 

CUM 

DESGN 

CODE 

CMP 

TEST 

ACEPT 

DUE 

DATE 

LINES 

COI 

tmtialixe Oomnund Tasii 

16 

16 

0 

0 

0 

0 

0 


0 

C02 

Onent« Oomnund File 

9 

25 

0 

0 

0 

0 

0 


0 

C03 

Accept A OtwcE iQComtni Block 

12 

37 

0 

0 

0 

0 

0 


0 

004 

Procto Oofittol A Status Block 

S 

45 

0 

0 

0 

0 

0 


0 

0)5 

P* *» Fveut Block 

9 

54 

0 

0 

0 

0 

0 


0 

006 

Transmit Block to CPA 

12 

66 

0 

0 

0 

0 

0 


0 

0)7 

Transmit l ik to CPA 

16 

H2 

0 

0 

0 

0 

0 


0 

('OS 

Recall I ik Directory 

2 

84 

0 

0 

0 

0 

0 


0 

(W 

Attach i ik to Queue 

T 

91 

0 

0 

0 

0 

0 


0 

010 

Initiate Command Radiation 


93 

0 

0 

0 

0 

0 


0 

Oil 

Modify Standafds<«nd*Limits Table 

18 

III 

0 

0 

0 

0 

0 


0 

012 

Transmit Addith>nal Dire^ tim 

15 

126 

0 

0 

0 

0 

0 


0 

013 

Suspend AlK>rt. Resume Rad»tK>n 

9 

135 

0 

0 

0 

0 

0 


0 

014 

Verify ('ommand Bits 

U 

146 

0 

0 

0 

0 

0 


0 

n>TAis 


146 

146 

0 

0 

0 

0 

0 


0 

P^RC^NTS 


100 

0 

0 

0 

0 

0 


0 


PROJKTION 


F1Q.&. So l lw OT «t«lust>poitm a i i» 9»mtm«Mmm8iy 
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Rates of Solar Angles for Two-Axis Concentrators 

C. Sw Yung and F. L. Lansing 
OSN Eneinming Section 


Determination of the sun's position by the azimuth and elevation angles and its rate 
of change at any time of day are essential for designing 2-axis tracking mechanisms of 
solar a>m'earntr€>n A study of the sun 's angles and their rates is presented at four selected 
months of the year (March June, September and December) and for seven selected lath 
tudes (0. tJO. t6lK t90) cinering bifth the m^rthem and southern hemispheres 


I. Introduction 

Solar thermal'elcctric |>t)wer s> stems are being studied tor 
the l>ecp Space Network L^icrgy Conservation Pro|Cct to 
evaluate their technical and economical feasibility. The engi- 
neering design of high temperature, point-focusing two-axis 
tracking solar concentrators in an unattended mode of opera- 
tion requires, among the many design specifications, a knowl- 
edge of the sun angles and angle rates to be incorporated in 
the auti>inatic control loop parameters. To satisfy this need 
for different iKtwork facilities throughout the world, this 
study was initiated to determine the sun's pi>sition vector, rate 
ot movement m the sk> at any given location and at any tune 
of >car. Both northern and southern latitudes were investi- 
gated loi then |x>ssiblc ditfereuces at dit'fcient NCasi>ns. 

II. Solar Angles 

Because (lie earth's equatorial plane is tilted at an angle of 
2-v.^ degrees to the orbital plane as shown in Fig. I. the solar 
dectinalioii aiig*c S. which is the angle between the carlh-sun 
line and the equatorial plane, vanes t'uuughout the year. This 
variation causes the changing seasons with their unequal 
jienods ol da> light and dar'^ncss The geometric coiirigura- 
tioiis ot the j^sition vector of the sun a( anv time of day 
relative to the earth center and relative to a horuontal plane 
passing b\ \xnwl P on earth, are presented in Figs 2 and 3. 


From Fig. 2. the latitude angle of location in radians L is 
defined as the angle between the location position vector OP 
and the equatorial {^ane (north latitudes are taken positive). 
The solar-aziinuth angle in radians ^ as shown in Fig. 3 is 
defined as the angle between the true smith direction and the 
projection of the sun's position vector on the horizontal 
plane. The south direction is taken as the reference line for 
botii northern and southern latitudes. The sign convention for 
the angle 0 is that east of the south is taken positive, and 
west of the south is taken negative. The hour angle //, which is 
an indication of the local solar time, is changing with a rate of 
15 deg/hr (360 deg/24 hours). The sign for H is taken posi- 
tive in the morning, and tiegative in the afternoon, and zero at 
solar noon. The solar elevation, sometimes called the altitude 
angle 0. and the solar zenith angle z are also shovmn in Fig. 3 
as the angles the solar position vector makes with the horizon- 
tal plane and the vertical line, respectively. 

Since the declination angle 6 does not var> significantly 
from one day to the next within each month (Refs. 1 . 2), a 
unc-day representation of a given month was considered 
satisfactory. The variation of solar declination throughout the 
year from a maximum of about 23.5 deg on June 21 to a 
minimum of -2.3.5 deg on December 21. gave us a reason to 
Si'lect the t went \ -first day of each month to be the represen- 
tative da\ of the month. By treating the solar declination 
tabular data (in Ref. 2) as a periodic function with one corn- 
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plete qrde per year, the foUowing amlytic expiessioa was 
obtained by least squares curve Htting: 

d « (f/I80){0.2833 - 23.I88cos/>-0.I5cos2P 
-0.21 1 sinP+ 0.1 155 sin 2P) (1) 

where 

nMl6 ( 2 ) 

and Af is a month index (M = 1,2, ... , 12), 

The time of day, described by the hour angle H in radians, 
is also written as 

H = ir(12-r)/l2 (3) 

where T vi the hourly time index in hours (T - 1, 2, 3, ... , 
24). Note J2 means a soJar noon time. 

The direction cosines of a unit vector along the location 
position vector are found from the geometry of GSP in Fig. 2 
as: cos L cos //, - cos L sin and sin I, with the X, Y and 
Z axes, respectively. Note that the equatorial plane lies on the 
X - Y plane, and point P' is the projection of point P (repre- 
senting the location on earth) on the equatorial plane. The 
direction cosines of the sun*s radiation unit vector can be also 
obtained from Fig. 2 as: cos 5, 0 and sin 6 with the X, Y and 
Z axes, respectively- The scalar product of the above two 
unit vectors will determine the cosine of the zenith angle z 
(or the sine of the elevation angle 0): 

cos r - sin 0 = cos Z cos 6 cos //+ sin I sin 5 (4) 

On the other hand, a unit vector along the direction of true 
south (PS in Fig. 2) will have the direction cosines: sin Z cos //, 
-sin Z sin and - cos Z with the X. Y and Z axes, respec- 
tively. Accordingly, the angle (O, from Fig. 3, which is the 
angle between the sun's vector and the s^>uth direction is 
obtained by scalar product as 

cos u) = cos 0 cos ^ = cos 6 sin Z cos // - cos Z sin 6 
or 

cos 0 = (cos 5sinZcos//-CQsZsin 6)/cos (5) 

An additional relationship for the azimuth angle 0, can be 
obtained also by multiplying scalarly the true east vector and 
the sun's position vector as shown in Pig. 3. to yield 


atn0 ■ (Sa) 

At aolar aocm (i.e., // * 0), the azimuth angle 0 ts alw^ 
zero at aD bcatioms throughout the year. Also, the angle JS is 
always equal to (90 - Z 't* 6) <teg for both northern and south- 
ern latitudes (from £q. 4). Equations (4) or (5) are subject to 
one constraint: the argument of the right-hand ade should 
be within ±1. 

The hour angle limit Ji*, which determines the hour angle 
at either sunrise or sunset as measured from solar noon, is 
given by equating the elevation angle 0 to zero. Using Eq. (4), 
the angle i/* (which is half the solar day) is writtai as: 

* cos“*(-tanZtan5) (6) 

where the term (- tan Z tan 5) in Eq. (6) should not exceed 1 , 
and the minimum value should not be less than -1 . Hence, H* 
(in radians) can vary between zero and a. If ff * equals to 
zero, the location on earth will be in cmnplete darkness for the 
entire day. If H* equab to a, the solar day will be 24 hours 
and the location will receive continuous sunli^t for 24 hours. 
The above Hmiting conditions can only occur at higher lati- 
tude angles in the northern hemisphere (or lower an^es in 
the southern hemisphere) than 66.5 deg, which is a mar- 
ginal latitude given by Eq. (6) at 5 = 23.5 d^. For example, 
the city of Betties, Ala^a, USA (with 66.5 deg north latitude) 
has twenty-four hours of sunlight in June and receives no 
sunlight in December. This fact could be explained by »uatie 
Eq. (6) since the declination angle is -^23.5 deg on June 21 
and -23.5 deg on December 21 for all latitudes. 

The azimuth angle at sunrise or sunset 0* can be obtained, 
also, from combining Eqs. (5) and (6) at any latitude or 
declination angles where 0 is set equal to zero. 

cos 0* = - sin 6/cos Z (7) 

Special cases arise for Eqs. (4) through (6) First is the 
case during the equinox (March 21 and September 21) when 
the declination angle is zero for ail latitudes. The elevation and 
azimuth angles, for these two months, become: 


sin 0 = cos L cos H x 

cos 0 = sin Z cos ///cos ^ I 

> at 6 = 0 (8) 

sin0 = sin ///cos /J I 

//* = nl2 ' 
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The above indicates that the day length (fxmn sunrise to sun* Simihily, tte azimuth angle rate ^(in deg/secXatgimi6 and 
set) is always 12 hours during the equinox. JL, can be expressed as 


Second is the case of a location at the equator. The solar 
angl^ at differ^t declination and hour an^es are reduced to: 


sin/) s cosScos^ 
00 $ 0 = -sin5/cosd 
H* = f/2 


atZ, *0 


(9) 


« » ^ = 0.00417 
at 


i sin^^cosLsindcos^5-cnstf cos^gcost j 
cos^ /) cos 0 j 

where and |0i must not eq^ to 90 d^ 


(13) 


Eq. (9) shows that the day length at the equator Is always 
12 hours. 

Third s the case at the north pole {L = ^^90 deg). The solar 
angles at different declination and hour angles are reduced 
to: 


II 

if 

6 > 0 

^ = H 

if 

5^0 


if 

5 > 0 

No sun 

if 

6 < 0 


The fmirth ^>ecial 
where the :»olar angles become: 

0 = -6 

0 = (n-H) 

//♦ = IT 

No sim 


^ al i = + 90 deg (10) 


case is at the south pole {L = -90 deg) 



atl = -90deg (11) 


Equations (12) and (13) are valid for any or 6 angles. 
However* they are reduced to other fonm for some specicd 
cases presented as follows: 


A. Noon Time 

At no<Hi time (H - 0)* the rate fi wiD be zero for any lati- 
tude and any mmith; vriiich means that 0 eitb/a reaches a 
maximum point or remains constant. The rate 0 is abo ob- 
tained from Eq. (13) at noon time vriiere: 


0 = 90-(I-6) 
0 = 0 
0^0 


/f=0 


(14) 


0 = -0.0041 7 cos 6/sin (£ - 6) 


B. Sunrise or Sunset Time 

The angle rates at sunrise or sunset times (denoted by an 
asterisk) are obtained from Eqs. (6), (7), (12) and (13) at any 
latitude or declination angles where 


0* 


= 0 


IIK Angle Rates 

The time rate of change of solar angles can be determined 
by differentiating Eqs. (3), (4) and (5) with respect to time 
for the hour angle* elevation angle and azimuth angle, respec- 
tively. The units of the angle rate are expressed in degrees per 
second. The elevation angle rate 0 (in deg/sec), at a given 5, L, 
can be expressed from Eqs. (3) and (4) as 


0* * cos“* (-sin6/cos£) 

^ = 0.0041 7 v^cos {L + 6) cos {L - 4) 




(15) 


0^ = -0.0041 7 sin 1 


C. Atthe Equator 


• _ 0.0041 7 cos L cos b sinH 

dt cosj3 


(/)#0des) (12) 


At tiie equator (where L = 0), the angles are obtained 
from Eq. (9). The angle rates are obtained from Eqs. (1 2) and 
(1 3) at any hour angle H as: 


232 



ORIGINAL PAGE IS 
OF POOR QUALITY 


0 


0.00417 cos 5 sin /f/ y/\ - cos^5 cos^ H 
0.00417 sin 5 cos 5 cos 111(1 - cos^6 cos^ JI) 


1 = 0 


(16) 

At noon time» for a location at the equator, the rates fi and i 
from Eq. (16) are reduced to: 

fi ^ 0 ) 1=0 

} 07) 

0 = 0.00417 COS 6 1 ^ = 0 


IV. Discussion of ResultB 

A. Solar Angles 

The computations of the solar angles at some selected 
hours of day, months of year and latitudes were compared 
against the tabulated data given in Ibf. 2. A good agreem«it 
was found in aQ cases. Further, the rates of solar an^ varia* 
tions were determined at seven different latitudes covering 
northern and southern hesnispheres induding the equator. 
In the n<^them hemisphere, latitudes '1*30, *1^, and 'f90 deg 
were selected. In the southern hemisphere, latitudes -30, -60, 
and -90 were selected. 


Eq. (1 7) is identical to Eq. (14) when setting ^=0. 

Also, at sunrise (or sun^t), for a location at the equator 
(H* = ir/2), the rates ^ and 0 from Eq. (1 5) or Eq. (16) are 

P = 0.00417 cos 6 1 = 0 

( 18 ) 

0=0 

Equation (16) for the equator is plotted as shown in Fig. (6) 
at different H and 6 angles. Peak values for p are evidenced 
at sunrise or sunset time in March and September (5 = 0) as 
0.00417 deg/sec. On the other hind, the peak values for 0 
can reach infinity as 6 0. As 5 changes between ±23.5 deg, 

the rate 0 changes between ±0.0096 deg/sec. 


For four selected months throughout the year (Mardi, 
June, September and December), the solar angles were pkitted 
as shown in Figs. 4 and 5. Figure 4 shows the solar devation 
angles. If 5-0, the solar elevation angle reaches its peak 
(90 deg) ar solar noon, and the sun’s position vector travels 
in a vertical plane containing the east-west directions. Figure 4 
also gives the solar elevation angles for the remaining six 
latitudes: ±30, ±60 and ±90 deg.. Figure 5 shows the compari- 
son of the solar azimuth angle for the seven selected latitudes. 
The profile of the solar altitude angles, however, is similar in 
both northern and southern locations of equal latitude. The 
two hemispheres experience an opposite climatic effect; the 
^^sununer” season, induding the months of June, July and 
August in the northern hemisphere, is the ^winter” season in 
the southern hemisphere. 


D. At the North Pole 


The angles 0 H* at the north pole, from Eq. (10), are 
substituted in Eqs. (12) and (13) where L = 90 and 6 > 0, 
hence. 


/§ = 0 

= -0.00417 


Z. = + 90deg (19) 


Eq. (19) is applicable for any hour-of-day variation at any 
month where 6 > 0. 

E. At the South Pole 

The angles p, ^ //^ at the south pole, from Eq. (M). are 
substituted in Eqs. (12) and (13). where L - -90, and 6 <0. 
Hence, 


^ = 0 

0 == *K).004I7 


L = -90 deg (20) 


Eq. (20) is applicable for any hour-of day ' iriation at any 
month wh?re 6 < 0. 


At the north pole, the sun is barely visible at the horizon 
on March 21 and September 21 as evidenced from Eq. (10). 
In June, the sun maintains a constant '1*23.5 deg with the 
horizontal plane all day long. On the contrary, the south 
pole experiences 24 hours of daylight in December (6 = -23.5) 
as evidenced from Eq. (11). 

The azimuth angle is always zero (or 180^) at solar noon, 
and at sunset it is obtained from Eq. (7). In northern lati- 
tudes, the trace of the azimuth angle is mostly located in the 
southern quadrants of the horizontal plane; hence solar con- 
centrators should be oriented facing south. The opposite 
situation exists in the southern hemisphere; i.e., solar concen- 
trators in the southern hemisphere should be oriented facing 
north. 


B. Angie Rates 

Figures 6 through 1 0 show the time rate of change of solar 
angles (p and 0) at the selected latitudes. Figure 6 shows the 
angle rates at the equator as obtaiiied from Eq. (16). The rate 
of elevation angle in March and September (6 = 0) is constant 
at 15 deg per hour) throughout the day except at solar noon 
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where the rate is zero. The maximum rate of azimuth angle i 
is 0.0096 deg/sec at solar noon in June. 

Figures 7 and 8 present the angle rates in the northern 
hemisphere where I = 30 and 60, respectively. In general, the 
angle rates in the northern hemisphere decrease as the lati> 
tudes increase. In the north pole, the rate of elevation angle 
is zero, while the azimuth angle travels at a constant rate of 
•1 5 deg/hr (-0.0041 7 deg/sec). 

Figures 9 and 10 present the angle rates for the southern 
hemisphere where L - -30 and -60 degrees respectively, in 


all cases studied, with the exception of the north and south 
poles, the rate of elevation angle fi decreases to zero at noon 
time from its maximum value at sunrise (or sunset) while the 
rate of azimuth angle ^ increases from its low sunset value to 
a peak value at solar noon. 

The develo{»nent of the above angle and angle rate analyti- 
cal expressions for any month, hour of day, and latitude 
represents an initial study which provides the solar concen- 
trator designer with a quantitative determination of the 
limiting sun’s position and angle rates for an accurate auto- 
matic tracking mechanism. 
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